
GEOCORONAL STRUCTURE 2, INCLUSION OF A 

MAGNETIC DIPOLAR PLASMASPHERE 

I.-2 * .”( C I >  James Bishop and Joseph W .  Chamberlain ci> 

?’ 0 

L Q - c; 
23 5 3..rrl 
2.. s- . - Department of Space Physics and Astronomy 03 

v Rice University, Houston, Texas USA ;” -< . 

{NASA-CR-182312) GEOCQBONAL STRUCTUBS 2 0 108-701 45 
I N C L U S X O H  OF A t¶AGNET IC D I P O L A R  PLASHASPBERE 
(Rice U n i r , )  54 p 

Unclas  
00/92 0114153 

* 
current a f f i l i a t i o n :  Department of Geophysics and Astronomy, U n i v .  of 

B r i t i s h  Columbia, Vancouver, Canada I 

1 



ABSTRACT 

C a l c u l a t i o n s  of e x o s p h e r i c  quant i  t i e s  (hydrogen atom d e n s i t y ,  s a t e l l i t e  

atom f r a c t i o n a l  d e n s i t y ,  k i n e t i c  t e m p e r a t u r e ,  and  e s c a p e  f l u x )  a t  l o c a t i o n s  

a l o n g  t h e  Earth-Sun a x i s  i n  t h e  noon and midnight  d i rec t ions  have been 

e x t e n d e d  t o  i n c o r p o r a t e  a p lasmasphere  c h a r a c t e r i z e d  by a d i p o l a r  s h a p e  and a n  

e m p i r i c a l  t e m p e r a t u r e  p r o f i l e .  T h i s  i n t e r a c t i o n ,  e v a l u a t e d  w i t h  parameter  

v a l u e s  c o r r e s p o n d i n g  t o  low-to-moderate so la r  c o n d i t i o n s ,  r e s u l t s  i n  an 

i n c r e a s e d  d e n s i t y  a t  o u t e r  g e o c o r o n a l  p o s i t i o n s ;  t h e  effect  is n o t  dramatic, 

t h o u g h ,  a n d  the  r e s u l t i n g  e x o s p h e r e  mimics t h e  e v a p o r a t i v e  case closely,  i n  

s p i t e  of t h e  c o n t r o l  of t r a j e c t o r y  p a r c e l  c o n t e n t  by charge exchange  c o l l i -  

s i o n s .  A c a r e f u l  d i s c u s s i o n  of t h e  h a n d l i n g  of p l a s m a s p h e r i c  c h a r g e  exchange 

c o l l i s i o n s  and s o l a r  i o n i z a t i o n  is i n c l u d e d ,  and t h e  effect  o n  t h e  e x o s p h e r i c  

k i n e t i c  d i s t r i b u t i o n  is a n a l y z e d  i n  te rms  of p e r t i n e n t  examples .  I n  a d d i t i o n ,  

t h e  geota i l  is d e m o n s t r a t e d  t o  stem p r i m a r i l y  from t h e  i m p o s i t i o n  of an 

e x o p a u s e  by r a d i a t i o n  p r e s s u r e  dynamics. 
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1. INTRODUZTIOh 

Bishop C19851, h e r e i n a f t e r  referred t o  as CS1, o u t l i n e d  a r i g o r o u s  formu- 

l a t i o n  f o r  t h e  c a l c u l a t i o n  of exospheric q u a n t i  t ies and d e m o n s t r a t e d  t h a t  t h e  

a c t i o n  of solar r a d i a t i o n  p r e s s u r e  g e n e r a t e s  an o b s e r v a b l e  g e o t a i l  and a 

si g n i  f i c a n t  quas i - s  a t  e l l  i t e component of e v a p o r  a t  i v e  o r i  g i n .  E a r l  i er  s t udi  es 

p o i n t e d  t o  t h e  l i k e l y  e x p l a n a t i o n  of t h e  g e o t a i l  as a r e s u l t  of r a d i a t i o n  

p r e s s u r e  p e r t u r b a t i o n  of hydrogen atom mot ion  i n  t h e  e x o s p h e r e  [Thomas and 

B o h l i n ,  1972; B e r t a u x  and Blamont,  19733, b u t  t he  mechanics  i n v o l v e d  were n o t  

i m m e d i a t e l y  a p p r e c i a t e d .  The a c t i o n  of r a d i a t i o n  p r e s s u r e  o n  t h e  m o t i o n  of 

atoms bound by t h e  p l a n e t a r y  g r a v i t a t i o n a l  f i e l d  is  p r i m a r i l y  t o  a l t e r  a n g u l a r  

momentum and may be d e s c r i b e d  i n  terms of a n  e v o l u t i o n  of t h e  o s c u l a t i n g  

K e p l e r i a n  o r b i t .  A p e r t u r b a t i v e  s t u d y  by Chamber la in  E19791 a l o n g  these l i n e s  

p r o v i d e d  a s t r o n g  h i n t  of mA e v a p o r a t i v e  g e n e r a t i o n  of a "satel l i te"  component 

by p r o v i n g  t h a t  t i g h t l y  bound atoms e v e n t u a l l y  crash i n t o  t h e  p l a n e t .  

L i o u v i l l e ' s  theorem (more p r e c i s e l y ,  t h e  co l l i s ion less  B o l t m a n n  e q u a t i o n )  

t h e n  r e q u i r e s  t h a t  these o r b i t s  be p o p u l a t e d  by atoms moving i n  t h e  r e v e r s e  

s e n s e ,  s o  t h e  e x i s t e n c e  of t h i s  component is i n  no way s u r p r i s i n g .  The re- 

m a i n i n g  q u e s t i o n s  t h u s  c e n t e r  on t h e  e x t e n t  of t h i s  s a t e l l i t e  component. 

( " Q u a s i - s a t e l l i t e "  is a more a p p r o p r i a t e  term, i n  that  atoms moving a l o n g  

bound t r a j ec to r i e s  have f i n i t e  f l i g h t  times. However, t h e  t e r m  1fsatel l i te17 

w i l l  commonly be used t o  d e s i g n a t e  e v a p o r a t i v e  t ra jec tor ies  t h a t  l oop  t h e  

p l a n e t ,  w h i l e  t h e  K e p l e r i a n  c o u n t e r p a r t s  w i l l  be referred t o  e x p l i c i t l y . )  

I n  a d d i t i o n  t o  o u t l i n i n g  a n  e x o s p h e r i c  formalism, CS1 p r e s e n t e d  s e v e r a l  

s i m p l e  models ( e v a l u a t e d  a t  l o c a t i o n s  n e a r  t h e  Earth-Sun a x i s )  aimed a t  

i l l u m i n a t i n g  t h e  effects  of a d d i t i o n a l  mechanisms known t o  ac t  o n  t h e  

geocorona .  An e v a p o r a t i v e  prototype,  c o n s t r u c t e d  by i n v o k i n g  L i o u v i l l e ' s  

theorem a l o n g  e x o b a s e  i n t e r s e c t i n g  t r a j ec to r i e s ,  e x h i b i t e d  a n  e x t e n s i v e  
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s a t e l l i t e  component w i t h  an observable geotai l  and a k ine t ic  temperature 

p r o f i l e  remarkably similar t o  that  belonging t o  the corresponding ana ly t ic  

model w i t h  a complete s a t e l l i t e  component (as  defined i n  Chamberlain C1963]), 

a r e f l e c t i o n  of the  establishment of a quasi-Maxwellian bound component by 

rad ia t ion  pressure dynamfcs. The inclusion of so la r  ion iza t ion  as a simple 

exponential decay produced no r e a l  a l t e r a t i o n  i n  the  evaporative s t r u c t u r e ,  

w i t h  a depletion of d e n s i t y  a t  h i g h  a l t i t u d e s  being the  main e f f e c t .  

In te rac t ion  w i t h  a s i m p l e  spherical  plasmasphere via resonant charge exchange 

c o l l i s i o n s  wi th  thermal protons gave r i s e  t o  a more dramatic densi ty  

deplet ion,  corresponding t o  the conversion of bound component atoms t o  fas t  

escaping atoms. T h i s  in te rac t ion  also resu l ted  i n  a considerable erosion of 

the evaporative s a t e l l i t e  atom f rac t iona l  density,  p a r t i c u l a r l y  i n s i d e  t h e  

plasmapause, and i n  increased kinetic temperatures a t  outer geocoronal 

locations.  The g e o t a i l  fea ture  was, on the  other hand, e s s e n t i a l l y  unaffected 

by the inclusion of either so la r  ionization or plasmaspheric charge exchange 

co l l i s ions .  The plasmasphere interact ion study of GS1 was not intended t o  be 

r e a l i s t i c ;  the plasmasphere model itself was too hot and too dense t o  mimic 

the ac tua l  t e r r e s t r i a l  plasmasphere. However, t h e  results obtained w i t h  t h e  

s i m p l e  spherical  model a r e  amenable t o  straightforward i n t e r p r e t a t i o n  and the 

c e n t r a l  point of GS1 i s  intended t o  be general: rad ia t ion  pressure dynamics 

determines t h e  t r a j e c t o r y  behavior independently of the mechanisms a f f e c t i n g  

population. 

T h i s  paper extends the s e t  of s t u d i e d  examples t o  the inclusion of a 

somewhat more r e a l i s t i c  plasmasphere and  a more consis tent  handling of s o l a r  

ionizat ion.  Taking the  pragmatic approach advocated by Chiu  e t  a l .  C19791 and 

L i  et  a l .  [1983], the  revised plasmasphere model incorporates several  fea tures  

t h a t  are l i k e l y  t o  be s igni f icant  i n  modeling the  t rue  in te rac t ion :  the 
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d i p o l a r  shape of t h e  p lasmapause ,  t h e  ( O ' ,  H+, e- )  po la r i za t ion  e l e c t r o s t a t i c  

f i e l d ,  and t h e  v a r i a t i o n  of plasma t e m p e r a t u r e  a l o n g  m a g n e t i c  f i e l d  l i n e s .  

F o l l o w i n g  a brief r e f o r m u l a t i o n  of t h e  dynamical framework, t h e  h a n d l i n g  of 

t h e  p l a s m a s p h e r e  i n t e r a c t i o n  is c o n s i d e r e d  i n  d e t a i l .  Examples of t h e  effect  

of t h i s  i n t e r a c t i o n  on t h e  e x o s p h e r i c  k i n e t i c  d i s t r i b u t i o n  f u n c t i o n  a r e  t h e n  

d i s c u s s e d  and g e o c o r o n a l  models are  p r e s e n t e d ,  i n  terms of hydrogen atom 

d e n s i t y ,  s a t e l l i t e  atom f r a c t i o n a l  d e n s i t y ,  k i n e t i c  t e m p e r a t u r e ,  a n d  e s c a p e  

f l u x .  The o p p o r t u n i t y  is t a k e n  t o  p o i n t  o u t  and correct a few minor errors 

p r e s e n t  i n  GS1. 

2.  DYNAMICAL FRAMEWORK 

The fundamenta l  c o n c e p t  i n  t h i s  work  is  t h e  k i n e t i c  d i s t r i b u t i o n  func-  

t i o n ,  t h e  e v a l u a t i o n  of which allows o b s e r v a b l e  q l ; a n t i t i e s  l i k e  d e n s i t y ,  k ine-  

t i c  t e m p e r a t u r e ,  a n d  e s c a p e  f l u x  ,to be computed. The formalism is based on  

s imple  H a m i l t o n i a n  m e c h a n i c s  and is developed  a l o n g  t h e  l i n e s  of t h e  a n a l y t i c  

t h e o r y  of Chamber la in  [19631. T h i s  a l l o w s  fo r  s t r a igh t fo rward ,  i n s i g h t f u l  

i n t e r p r e t a t i o n  of e x o s p h e r i c  features and p r o v i d e s  a framework f o r  t h e  i n c l u -  

s i o n  of i n c r e a s i n g l y  c o m p l i c a t e d  " c o r r e c t i o n s " ;  i n  p a r t i c u l a r ,  it can  i n c o r -  

porate r ea l i s t i c  e x o b a s e  and p lasmasphere  models  and is n o t  l i m i t e d  t o  t h e  

s i m p l e  cases s t u d i e d  here. The c u r r e n t  choices are  m o t i v a t e d  by a belief t h a t  

a n  i n t e r p r e t a t i v e  background must be e s t ab l i shed  p r i o r  t o  a t t e m p t s  a t  

e x t e n s i v e  model ing  . 
I n  t h i s  paper  and i n  t h e  accompanying paper  on g e o c o r o n a l  l i n e  p r o f i l e s  

[Bishop and Chamber la in ,  19863, the p o i n t s  of e v a l u a t i o n  have been c h o s e n  t o  

l i e  e x a c t l y  on  t h e  Earth-Sun a x i s .  T h i s  r e d u c e s  t h e  dynamica l  c o m p l e x i t y  of 

t h e  m o t i o n  t o  two d i m e n s i o n s  ( n e g l e c t i n g  t h e  so l a r  mot ion  across t h e  s k y ) .  I n  

terms of t h e  d i m e n s i o n l e s s  q u a n t i t i e s  of CS1, t h e  a p p r o p r i a t e  t r a j e c t o r y  
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e quat i ons  are 

d6 A x a - = - s i n g  (- - ~ 1 ' )  + - s i n ( 6  + X I  
d T  J ,  2 J1 

where 6 ,  t h e  momentum z e n i t h  a n g l e ,  is r e t a i n e d  f o r  ease I n  f o l l o w i n g  r e v e r -  

s a l s  of t h e  o rb i t a l  s e n s e .  These e q u a t i o n s ,  when p r o p a g a t e d  i n t o  the p a s t  and 

f u t u r e  from a s p e c i f i e d  phase p o i n t  (i.e., t h e  i n i t i a l  p o s i t i o n  and momentum) 

d e t e r m i n e  t h e  e x o b a s e  a n d / o r  exapause  i n t e r s e c t i o n s .  An exobase  i n t e r s e c t i o n  

g u a r a n t e e s  t h e  t r a j e c t o r y  is popu la t ed  a c c o r d i n g  t o  L i o u v i l l e ' s  theorem for  

m o t i o n  i n  t h e  r e v e r s e  s e n s e ;  exopause  i n t e r s e c t i o n  s i g n i f i e s  e s c a p e  from the  

p l a n e t .  ( A s  d e f i n e d  i n  GS1, the exopause  Is t h e  rad ia l  s h e l l  beyond which t h e  

r a d i a t i o n  p r e s s u r e  induced  a c c e l e r a t i o n  e x c e e d s  t he  p l a n e t a r y  g r a v i t a t i o n a l  

a c c e l e r a t i o n . )  E v a l u a t i o n  of t h e  B o l t m a n n  c o l l i s i o n  I n t e g r a l  s t e p  by s t e p  

a l o n g  t h e  f l i g h t  p a t h  is t h e  method used t o  incorporate the  p la smasphe re  

I n t e r a c t i o n .  O f t e n  i n  t h e  d i s c u s s i o n ,  r e f e r e n c e  w i l l  be made t o  " t ra jectory 

pa rce l s .11  A p a r c e l  of t h i s  s o r t  r e p r e s e n t s  a g roup  o f  atoms occupy ing  a small  

volume d r  abou t  a s p e c i f i e d  l o c a t i o n  - r ,  a l l  of which have  v e l o c i t i e s  i n  t h e  

ne ighborhood  - dv abou t  a v e l o c i t y  - v ,  in effect  s h a r i n g  a common t r a j e c t o r y .  I t  

is synonymous w i t h  t h e  k i n e t i c  d i s t r i b u t i o n .  The  I n t e r a c t i o n  w i t h  t h e  plasma- 

s p h e r e  v i a  r e s o n a n t  c h a r g e  exchange  c o l l i s i o n s  amounts t o  t h e  g a i n  o r  l o s s  of 

a toms from s u c h  a p a r c e l .  

- 

I n  c a r r y i n g  o u t  t h e  computa t ions  a t  l o c a t i o n s  on t h e  Ear th-Sun a x i s ,  a n  
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I' b 

o f f s e t  of 2 O  is  i n t r o d u c e d  t o  t h e  axis  a l o n g  which t h e  GS1 c a l c u l a t i o n s  were 

performed. The e v a p o r a t i v e  models ( c l a s s i c a l  exobase, so l a r  r a d i a t i o n  p r e s s u r e  

a c t i n g )  of t h i s  paper and GS1 are ,  however,  i d e n t i c a l  i n  a l l  r e s p e c t s .  The 

r e s t r i c t i o n  t o  a x i a l  or n e a r  a x i a l  l o c a t i o n s  is m o s t l y  a matter of computa- 

t i o n a l  e x p e n s e ,  i n  t h a t  those  t r a j e c t o r i e s  t h a t  do n o t  ( n e a r l y )  i n t e r s e c t  t h e  

Earth-Sun a x i s  can e x h i b i t  f a i r l y  complicated b e h a v i o r .  Also, i t  is simpler  

t o  i n c o r p o r a t e  a d i p o l a r  p lasmasphere  i n  t h e  c a l c u l a t i o n s  when t h e  p o i n t s  of 

e v a l u a t i o n  l i e  i n  t h e  m a g n e t i c  e q u a t o r .  Note t h a t  t h e  i n c l u s i o n  of a d i p o l a r  

p l a s m a s p h e r e  l i f t s  the  a x i a l  syminetry p r e s e n t  i n  t h e  examples  d i s c u s s e d  i n  

GSl. Thus  i n  t h e  e v a l u a t i o n  of a q u a n t i t y  l i k e  d e n s i t y ,  t h e  i n t e g r a l  o v e r  

s t e e r i n g  a n g l e  ( E )  o r i e n t a t i o n s  (refer t o  CSl F i g u r e  1 )  c a n n o t  be r e d u c e d  t o  a 

factor  of 2n but  must be e x p l i c i t l y  e v a l u a t e d .  Taking  t h e  Earth-Sun a x i s  t o  

l i e  i n  t h e  m a g n e t i c  e q u a t o r ,  t h e  € - i n t e g r a l  is c o n v e n i e n t l y  h a n d l e d  by 

r o t a t i n g  t h e  p l a n e  of motion ( a l s o , c a l l e d  t h e  dynamica l  p l a n e )  w i t h  r e s p e c t  t o  

t h e  m a g n e t i c  e q u a t o r i a l  p l a n e  a b o u t  t h i s  a x i s .  A r e m a i n i n g  symmetry p e r m i t s  

t h i s  i n t e g r a l  t o  be e v a l u a t e d  as 

To emphas ize  t h e  fundamenta l  r o l e  of r a d i a t i o n  p r e s s u r e  dynamics i n  

d e t e r m i n i n g  t h e  s t r u c t u r e  of a n  e x o s p h e r e ,  c o n s i d e r  t h e  o c c u p i e d  or p o p u l a t e d  

volume of v e l o c i t y  space Av a t  a p a r t i c u l a r  l o c a t i o n  

p = cos6 

where t h e  bound conponent  a l o n e  is c o n s i d e r e d  s i n c e  t h i s  d o m i n a t e s  t h e  dens i ty  

o u t  t o  great d i s t a n c e s ,  and c o n s i d e r  t h e  r a t i o  of volumes a l o n g  t h e  midnight  
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( x  = 1 8 3 O )  a x i s  t o  t h o s e  a l o n g  t h e  noon ( x  = O o )  a x i s .  F i g u r e  1 compares the  

e v a p o r a t i v e  g e o t a i l  r a t i o  and t h i s  r a t i o  of o c c u p i e d  volumes. I t  is  e v i d e n t  

t h a t  t h e  former is a m a n i f e s t a t i o n  of t h e  l a t t e r .  T h i s  r e l a t i v e  enhancement 

of bound component volume i n  t h e  v e l o c i t y  s p a c e  a l o n g  t h e  m i d n i g h t  a x i s  

d e r i v e s  from t h e  v a r i a t i o n  of t h e  minimum e s c a p e  s p e e d  w i t h  l o c a t i o n  and 

d i r e c t i o n  of motion (refer t o  GSl, F i g u r e  2 fo r  a n  i l l u s t r a t i o n ) .  I t  

c o r r e s p o n d s  t o  a n  a v e r a g e  minimum e s c a p e  s p e e d  b e i n g  greater a t  m i d n i g h t  a x i s  

l o c a t i o n s  t h a n  a t  e q u i - r a d i a l  p o s i t i o n s  a l o n g  t h e  noon a x i s ,  a n  a v e r a g e  t h a t  

is b i a s e d  toward t ra jector ies  w i t h  non-zero t r a n s v e r s e  v e l o c i t y  components by 

a factor  s i n  6. Note tha t  these b a r e l y  e s c a p i n g  t ra jec tor ies  would s i m p l y  be 

h i g h  apogee  K e p l e r i a n  b a l l i s t i c  o r b i t s  i n  t h e  a b s e n c e  of r a d i a t i o n  p r e s s u r e .  

Such a n  o r b i t  t h r e a d i n g  t h e  noon a x i s  can  be c o n v e r t e d  by t h e  a c t i o n  of 

r a d i a t i o n  p r e s s u r e  i n t o  an e s c a p i n g  t r a j e c t o r y  d u r i n g  t h e  segment of f l i g h t  

where v a > 0 a f t e r  "apogee" (v, d e n o t e  t h e  i n s t a n t a n e o u s  v e l o c i t y  and  t h e  

r a d i a t i o n  p r e s s u r e  a c c e l e r a t i o n ,  r e s p e c t i v e l y ) .  For a similar t r a j e c t o r y  

t h r e a d i n g  t h e  midnight  a x i s ,  however, s u c h  a n  "apogee" i n d i c a t e s  t he  

t r a j ec to ry  t h e n  heads toward t h e  sun ( v  - -  a < 01, r e q u i r i n g  a g r e a t e r  local  

v e l o c i t y  t o  e i ther  e l i m i n a t e  s u c h  a t u r n i n g  p o i n t  a l together  or a t  l ea s t  t o  

r e m a i n  well o u t  from t h e  p l a n e t  long  enough t o  undergo a s u b s t a n t i a l  enough 

s h i f t  i n  a n g u l a r  momentum t o  a t t a i n  v a > 0 ) .  I n  b r i e f ,  t h e  geotai l  stems 

p r i m a r i l y  from the  i m p o s i t i o n  of an exopause  by r a d i a t i o n  p r e s s u r e  dynamics.  

The d i f f e r e n c e  between t h e  two curves of F i g u r e  1 reflects t h e  dependence  of 

t h e  g e o t a i l  on p o p u l a t i o n  mechanisms, conveyed by t h e  Boltzmann fac tor  of t h e  

e x o b a s e  k i n e t i c  d i s t r i b u t i o n  i n  t h e  s i m p l e  e v a p o r a t i v e  case, i.e., a smaller 

e x o b a s e  s p e e d  is r e q u i r e d  t o  ascend t o  great h e i g h t s  on t h e  n i g h t s i d e  of the  

p l a n e t .  

- -  

- -  
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3. PLASMASPHERE INTERACTION 

The B o l t m a n n  Equa t ion  

The Boltzmann e q u a t i o n ,  as u s e d  in t hese  c a l c u l a t i o n s ,  is 

c o l l a p s i n g  s p a t i a l  v a r i a b l e s  t o  r and moment& v a r i a b l e s  t o  p1 i n  t h e  

a r g u m e n t s ,  where Q ( g )  is the c r o s s  s e c t i o n  for r e s o n a n t  c h a r g e  exchange ,  g is 

t h e  r e l a t i v e  c o l l i s i o n  speed ,  and t h e  primed momenta d e n o t e  the v e c t o r i a l  

c o u n t e r p a r t s  t o  t h e  c a n o n i c a l  momenta. ( T h i s  a s s o c i a t i o n  is unambiguous i n  

s p h e r i c a l  c o o r d i n a t e s . )  The a s sumpt ion  of no momentum t r a n s f e r  has been 

a p p l i e d :  t h e  particles i n v o l v e d  i n  t h e  c o l l i s i o n  s i m p l y  swi tch  i d e n t i t i e s .  

The d e r i v a t i v e  o n  t h e  l e f t - h a n d  s i d e  d e n o t e s  t h e  e v o l u t i o n  of t h e  n e u t r a l  

k i n e t i c  d i s t r i b u t i o n  fn ( r  , p i 1 )  f o l l o w i n g  t h e  t ra jectory d e f i n e d  by t h e  l o c a l  

p o s i t i o n  and momentuv. 

W r i t i n g  f n  = f o ( l  + o),  where f o  is the  e v a p o r a t i v e  s o l u t i o n  ( i .e. ,  

d f o / d t  = 0 )  and  ( 1  + # )  I s  the p lasmasphere  enhancement f a c t o r ,  Eqn. ( 3 )  

becomes 

f u r t h e r  c o l l a p s i n g  t h e  arguments  t o  t he  momentum index .  As i n  GS1, Q ( g )  h a s  

been set  t o  a c o n s t a n t  v a l u e  of 4.5 x lo- ' '  em2. The p r o t o n  k i n e t i c  d i s t r i -  

b u t i o n  f *  i n  t h i s  work is  t a k e n  t o  be Maxwellian i n  form: 

9 



. a 

* 
* N* ,-q2/p * * 

f =  , p = T /Tc 
( 2nmkTc p * )  'I2 

( 5 )  

* * 
The plasmaspheric p r o t o n  d e n s i t y  N and t e m p e r a t u r e  p T are d e r i v e d  from 

s i m p l e  models d e s c r i b e d  below. C o l l i s i o n s  i n v o l v i n g  0 a n d  0' are  i g n o r e d .  

The i d e a l i z a t i o n  of a c lass ical  exobase has  been  r e t a i n e d ,  which is a d m i t t e d l y  

u n r e a l i s t i c  [Fahr  and Shizga l ,  19831. I t  i s  worthwhile t o  p o i n t  o u t ,  t h o u g h ,  

t h a t  t h e  approach t a k e n  here can  be e x t e n d e d  t o  t r ea t  t h e  t r a n s i t i o n  zone i n  a 

more s a t i s f y i n g  manner and t h a t ,  a s  d i s c u s s e d  below, H ,  H+ c o l l i s i o n s  a l o n e  go 

a l o n g  way toward l i f t i n g  t h e  idea of a s h a r p  e x o b a s e .  

W i t h i n  t he  a b o v e - s t a t e d  a s s u m p t i o n s ,  t h e  d e s t r u c t i o n  term can  be rigor- 

C 

o u s l  y e v a l u a t e d  : 

* where U = p*'/ 'U is t h e  most probable  p r o t o n  speed  a n d  J ( y )  = 1' e x p ( - x 2 )  
0 C 

dx.  ( U c  i s  the most p r o b a b l e  hydrogen atom s p e e d  a t  t h e  exobase :  Uc 

= (-1 .) I n  GS1,  a n  i n c o r r e c t  a p p r o x i m a t i o n  was a p p l i e d .  The e f f e c t i v e  

* *''2(L + l), which is c o l l i s i o n  s p e e d  g was there t a k e n  t o  have t h e  form U p 

2kTc 1 / 2  

m 
* 

p *  2J, 

p l a u s i b l e  o n l y  when JI > p*' / ' .  S i n c e  almost a l l  n e u t r a l  atoms are encompassed 

by t h e  v e l o c i t y  r a n g e  0 < JI < p * l l 2 ,  t h e  e x a c t  r e s u l t  of Eqn. ( 6 )  h a s  been 

u s e d  here. 

To h a n d l e  t h e  c r e a t i o n  term, a q u a s i - i t e r a t i v e  approach  h a s  been r e l i e d  

upon and an a n a l y t i c  e x o s p h e r e  s h a r i n g  t h e  prescr ibed e x o b a s e  p a r a m e t e r s  has 

been used  as  a zeroth-order approximat ion .  I n  CS1, t h e  s e l e c t i o n  of rcs = 

2.50 RF was m o t i v a t e d  by model r e d u c t i o n s  of o u t e r  g e o c o r o n a l  Lyman-a i n -  
I 
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t e n s i t y  measurements carried o u t  on  OGO 5 and  Mar iner  2 [ B e r t a u x  and Blamont,  

1973;  Wallace et  al . ,  19703. To e x p l o r e  t h e  effect  o n  t h e  c a l c u l a t i o n s  of 

v a r y i n g  t h e  prescribed rcs v a l u e  i n  the c r e a t i o n  term, a n a l y t i c  e x o s p h e r e s  

w i t h  rcs = rc and res = r T h e s e  two cases must bracket  

t h e  t r u e  s i t u a t i o n  as r e g a r d s  t h e  i n t e r p l a y  between t h e  q u a s i - s a t e l l i t e  com- 

ponent  and t h e  p lasmasphere .  The  n e u t r a l  atoms e n t e r i n g  i n t o  t h e  c r e a t i o n  

c o l l i s i o n s  are imagined t o  e x e m p l i f y  an i s o t r o p i c  Maxwell ian k i n e t i c  d i s t r i b u -  

t i o n .  T h i s  is a c o n v e n i e n t  p i c t u r e  which is allowable i n  t h a t  momentum 

t r a n s f e r  has a l r e a d y  been n e g l e c t e d  and t he  i o n s  are n o t  followed e x p l i c i t l y ;  

i t  is also consonant  w i t h  t h e  a c t i o n  of r a d i a t i o n  p r e s s u r e .  The local n e u t r a l  

d e n s i t y  i n  t he  c o l l i s i o n  i n t e g r a l  i s  a c c o r d i n g l y  a p p r o x i m a t e d  by a n  a n a l y t i c  

model w i t h  a n  i s o t r o p i c  B o l t m a n n  factor c h a r a c t e r i z e d  by t h e  e f f e c t i v e  

k i n e t i c  t e m p e r a t u r e  a p p r o p r i a t e  t o  t h i s  model: 

have been c o n s i d e r e d .  P 

where Un = pn ' / '  U c  and 

'1 ' e f f u s i o n  
2 

= - [<$'> - 
'n 3 

(see C h a m b e r l a i n ,  1963, Eqns. 

T h i s  corrects a minor  o v e r s i g h t  

(15) and ( 4 9 ) - ( 5 1 )  w i t h  $' + JI and 5 + 5 ) .  

i n  CS1, w h e r e i n  t h e  n e u t r a l  component i n  t h e  

c r e a t i o n  i n t e g r a l  was t reated as i f  i t  m a i n t a i n e d  a k i n e t i c  t e m p e r a t u r e  T, 

1 1  



1 * 

t h r o u g h o u t  t h e  p lasmasphere .  

Another r e v i s i o n  of t h e  approach i n  GS1 is t o  r e t a i n  t h e  a - p o t e n t i a l  i n  

t h e  e x p r e s s i o n  fo r  f o  - 

While  t h i s  factor  Is n o t  c o n s i d e r e d  s i g n i f i c a n t  w i t h i n  t h e  p l a s m a s p h e r e ,  

k e e p i n g  i t  does n o t  impose a d d i t i o n a l  h a r d s h i p .  

C o l l e c t i n g  and  n o r m a l i z i n g  t he  time e l e m e n t ,  

g* ( 1  L =  (uc3 /2GM) 
QN' 

where : ( A )  is c a l c u l a t e d  a c c o r d i n g  t o  t h e  

a n d  gn i s  e v a l u a t e d  w i t h  t he  c o r r e s p o n d i n g  

chosen  zeroth-order a n a l y t i c  model 

k i n e t i c  t e m p e r a t u r e .  T h i s  expres-  

s i o n  c a n  now be i n t e g r a t e d  a l o n g  a t r a j e c t o r y  t o  d e t e r m i n e  t h e  n e t  accumula- 

t i o n  a r i s i n g  from the  p lasmasphere  i n t e r a c t i o n .  ( I n i t i a l  v a l u e s  f o r  @ are 

s t ra ight forward:  for  t ra jec tor ies  l a u n c h i n g  from t h e  e x o b a s e  @ ( A c )  = 0 ,  w h i l e  

a l o n g  capture  t ra jec tor ies  ( i .e . ,  reversed escape t r a j ec to r i e s )  @ ( A  1 = -1  is 

a ppr  o p r  i a t  e. ) 
PP 

P1 aSmaS Dhere Models 

Two models of t h e  H+ p o p u l a t i o n  have been u t i l i z e d  i n  t h i s  s t u d y .  Table 

1 d i s p l a y s  t h e  p e r t i n e n t  parameters and assumed v a l u e s  for  each. The 
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s p h e r i c a l  isothermal model of CS1, w h i l e  u n r e a l i s t i c ,  has been used  b e c a u s e  i t  

permits  a clear i n s i g h t  i n t o  t h e  e f f e c t  of charge exchange  c o l l i s i o n s  o n  

t ra jec tory  parcels and t h u s  i n t o  how t h i s  a f fec ts  o b s e r v a b l e  e x o s p h e r i c  quan- 

t i t i e s .  I t  is characterized by a uniform e x o b a s e  d e n s i t y  N c  , a c o n s t a n t  

temperature T , a n d  a p lasmapause  rad ius  r ( f *  = 0 for  r > r 1; a l s o ,  

d i f f u s i v e  e q u i l i b r i u m  is assumed: 

* 
* 

PP PP 

* - (Ac-A)/p* N* = N, e 

R e t a i n i n g  t h e  CS1 parameter  v a l u e s  p e r m i t s  a direct compar ison  w i t h  t h e  

earlier r e s u l t s .  

The d ipolar  model is  c h a r a c t e r i z e d  by a d i p o l a r  p lasmapause  of s p e c i f i e d  

L-value Lpp and i s  f i l l e d  wi th  an (O+, H+, e-) plasma i n  d i f f u s i v e  

e q u i l i b r i u m ;  t h e  t o p s i d e  i o n o s p h e r i c  d e n s i t i e s  and temperatures of these 

species are t a k e n  t o  be i n d e p e n d e n t  of l a t i t u d e  a n d  loca l  time. The p r o t o n  

d e n s i t y  is o b t a i n e d  by u s i n g  t h e  f l u i d  momentum e q u a t i o n  i n c o r p o r a t i n g  

g r a v i t a t i o n a l  and p o l a r i z a t i o n  e lec t ros ta t ic  f i e l d s  and  t h e  r e l a t i o n  P = 

N k T  for t h e  p r o t o n  p r e s s u r e  P ( r e f l e c t i n g  the  a s s u m p t i o n  of a c o l l i s i o n a l  

plasma),  and by assuming z e r o  n e t  flow and m a g n e t i c  f i e l d  g u i d a n c e  of 

d i f f u s i o n .  Even though t h i s  l a s t  assumption is n o t  q u i t e  c o n s i s t e n t  w i t h  t h e  

idea of a c o l l i s i o n - d o m i n a t e d  plasma, it  y i e l d s  r e s u l t s  r e m i n i s c e n t  of 

o b s e r v e d  d e n s i t y  p r o f i l e s  [Chiu e t  a l . ,  1979; L i  et  a l . ,  19831. The plasma 

temperature i n  t h i s  t r e a t m e n t  is given by a n  a n a l y t i c  model t o  a v o i d  h a v i n g  t o  

c o n s i d e r  an e n e r g y  b a l a n c e  e q u a t i o n  [Chiu e t  a l . ,  19791: 

* 
* *  * 

T * = T o + A T (  

L O  
( 1 1 )  
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where s is  t h e  a r c l e n g t h  a l o n g  t h e  f i e l d  l i n e  spec i f ied  by L from t h e  e x o b a s e  

t o  t h e  local  p o i n t  and II is t h e  a r c l e n g t h  e x t e n d i n g  t o  t h e  m a g n e t i c  e q u a t o r .  

I n  t h i s  e x p r e s s i o n ,  To denotes  t h e  plasma temperature a t  t h e  e x o b a s e ,  AT t h e  

i n c r e a s e  i n  plasma t e m p e r a t u r e  between t h e  e x o b a s e  and t h e  ho t t e r  o u t e r  plas- 

masphere, Lc t h e  equator ia l  L-value fo r  t h e  e x o b a s e ,  and Lo a r e f e r e n c e  

m a g n e t i c  f i e l d  l i n e  r o u g h l y  i n d i c a t i n g  where t h e  o u t e r  p l a s m a s p h e r e  tempera- 

ture  is a t t a i n e d ,  w h i l e  B, Y a r e  p r o f i l e  s h a p e  p a r a m e t e r s .  F o r  s p e c i e s  i ,  t h e  

r e s u l t i n g  d e n s i t y  p r o f i l e  is, f o r  L < L p p ,  

where B is t he  d ipo la r  magnet ic  f i e l d  s t r e n g t h  a n d  t he  c o m p o s i t i o n  has been 

s p e c i f i e d  a t  t he  exobase .  The i n t e g r a t i o n  is a l o n g  the  a p p r o p r i a t e  m a g n e t i c  
A 

f i e l d  l i n e  (s  a s c e n d s  from the embase). The force component Fi a l o n g  t h e  

f i e l d  d i r e c t i o n  is t h e  sum of g r a v i t y  a n d  e lec t ros ta t ic  forces. R e s o l v i n g  

these and e x p r e s s i n g  t h e  f i e l d  l i n e  i n t e g r a l  in terms of magnetic l a t i t u d e  

,s - mFi * d s '  = Gi + $i 
0 kT 

dA ' si nh Ci  = -2GMmi c0s2Ac Inc * 
c A kT (A')cos'A' r ( 1 3 )  

where  t h e  e lec t ros ta t ic  p o t e n t i a l  term is f i x e d  by assuming charge n e u t r a l i t y  

and z e r o  n e t  flow. The parameter  v a l u e s  selected in t h e  c a l c u l a t i o n s  corre- 

spond r o u g h l y  t o  m a g n e t i c a l l y  q u i e t  per iods i n  c o n j u n c t i o n  w i t h  low-to- 

moderate solar  a c t i v i t y  c o n d i t i o n s  (refer t o  T a b l e  I ) .  
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I n c l u s i o n  of Solar  I o n i z a t i o n  

S o l a r  i o n i z a t i o n  processes ( p h o t o i o n i z a t i o n  and charge exchange c o l l i -  

s i o n s  w i t h  solar  wind p r o t o n s )  can  be e a s i l y  i n c o r p o r a t e d  w i t h i n  t h e  c u r r e n t  

formalism by l o o k i n g  upon these as a s i m p l e  e x p o n e n t i a l  decay  w i t h  dimension-  

less decay  time T ~ .  W r i t i n g  

f o r  the  k i n e t i c  d i s t r i b u t i o n  a l o n g  a t r a j e c t o r y ,  where P and L r e p r e s e n t  t h e  

p l a s m a s p h e r i c  p r o d u c t i o n  and l o s s  terms i n  Eqn. (101, a n d  assuming L t o  be i n  

t h e  form q ( T ) f ( T ) ,  where q c o n t a i n s  t h e  p l a s m a s p h e r e  and cross s e c t i o n  i n f o r -  

m a t i o n ,  t h e n  

The n u m e r i c a l  scheme u s e d  i n  t h i s  work computes (P - L )  f o r  a discrete time 

i n t e r v a l  A T  i n  t e r m s  of the k i n e t i c  d i s t r i b u t i o n  a c c u m u l a t e d  o v e r  p r e v i o u s  

s t e p s .  The f a r m u l a t i o n  is t h e n  c o n s i s t e n t  and t h e  p r o d u c t i o n  term as 

e x p r e s s e d  above a l o n e  a c q u i r e s  t h e  e x p ( + T / T  1 factor  - i.e., i n  terms of t h e  

enhancement fac tor  

S 

The v a l u e  of t h e  decay  time T = (Uc3/2CM)Tsol chosen  is b i a s e d  towards 

p h o t o i o n i z a t i o n  as the main i o n i z a t i o n  l o s s  mechanism (refer t o  T a b l e  1) .  

T h i s  i n c l u s i o n  of solar i o n i z a t i o n  i n t o  t h e  B o l t m a n n  c o l l i s i o n  i n t e g r a l  

S 

c o n s i d e r a b l y  e x t e n d s  t he  f l e x i b i l i t y  of t h e  GS1 formalism. 
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4 .  CEOCORONAL K I N E T I C S  & MODELS 

Examples of t h e  Neutral K i n e t i c  D i s t r i b u t i o n  F u n c t i o n  

F i g u r e  2 p r e s e n t s  two examples  of a k i n e t i c  d i s t r i b u t i o n  e v a l u a t i o n ,  

c o r r e s p o n d i n g  t o  i n t e r a c t i o n  w i t h  the spherical  ( c u r v e  S) and t h e  d i p o l a r  

( c u r v e  D) p lasmasphe re  models.  The g e n e r a t i o n  of a c a p t u r e  component (down- 

ward moving a toms w i t h  e s c a p i n g  s p e e d s )  and  t h e  enhancement of t h e  outward  

moving e s c a p e  component are b o t h  e v i d e n t  near 2.00 RE. I n t e r a c t i o n  w i t h  t h e  

spherical  p l a smasphe re  model shows these effects  c lear ly ;  t h e  c o o l e r ,  less 

dense  d i p o l a r  p l a smasphe re  model is n o t  as e f f e c t i v e  i n  g e n e r a t i n g  a 

r e c o g n i z a b l e  non the rma l  component. The effect  on t h e  c o r r e s p o n d i n g  bound 

components is h igh l igh ted  i n  F i g u r e  3 ,  by p l o t t i n g  ( 1  + (0) on  a l i n e a r  

scale .  The d i p o l a r  p l a smasphe re  model l eads  t o  an i n c r e a s e  i n  t h e  bound 

k i n e t i c  d i s t r i b u t i o n  a t  these al t i tudes and h i g h e r ,  d u e  t o  c h a r g e  exchange  

g e n e r a t i o n  of higher s p e e d  n e u t r a l s  by t h e  2000K p r o t o n s  n e a r  t h e  e x o b a s e ;  u s e  

of t h e  warmer s p h e r i c a l  p lasmasphere  model decreases t h e  bound k i n e t i c  

d i s t r i b u t i o n  i n  t h e  manner d i s c u s s e d  i n  GS1. I n  e i ther  case, t h o u g h ,  t he  

m o d i f i c a t i o n  is n o t  large due  t o  t h e  l i m i t e d  e x p o s u r e  t o  t h e  p l a smasphe re  of 

t h e  t r a j e c t o r y  p a r c e l s  r e p r e s e n t e d  i n  t h i s  f i g u r e  ( v e r t i c a l  m o t i o n ) .  

F i g u r e  4 shows ( 1  + (0) for h o r i z o n t a l  mo t ion  ( p  = 0) f o r  bound component 

s p e e d s  a t  two E a r t h  r a d i i .  The maximum i s o t r o p i c  s p e e d  Q’ a c t s  as a lower 

l i m i t  o f  s a t e l l i t e  speeds ,  i n  t h a t  for Q < Q’ a l l  t r a j e c t o r i e s  d i r e c t l y  a r i s e  

from and r e t u r n  t o  t h e  exobase wi thout  i n t e r v e n i n g  l o o p s .  Parcels on t r a j e c -  

t o r i e s  w i t h  J )  > J)’ have a much l o n g e r  e x p o s u r e  t o  t h e  p l a s m a s p h e r e ,  w i t h  much 

more n o t i c e a b l e  effect .  (No te  t h a t  t h i s  J)’ d i s c o n t i n u i t y  ar ises  n a t u r a l l y  

w i t h  t h e  a s sumpt ion  of an i d e a l  exobase.) I n  t h i s  case, t h e  s p h e r i c a l  plasma- 

sphe re  model causes c o n s i d e r a b l e  d e p l e t i o n ,  m i t i g a t e d  somewhat a t  h igher  
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speeds.  I n t e r a c t i o n  w i t h  t h e  d i p o l a r  plasmasphere model produces an enhance- 

ment a t  s p e e d s  s l i g h t l y  greater t h a n  $' t h a t  is s t r i k i n g ;  these s p e e d s  

c o r r e s p o n d  t o  t r a j e c t o r i e s  hav ing  near -exobase  p e r i g e e s .  The r e s u l t s  o b t a i n e d  

u s i n g  t h e  d i p o l a r  plasmasphere model are here shown f o r  two o r i e n t a t i o n s  of 

t h e  p l a n e  of p a r t i c l e  mot ion  w i t h  r e s p e c t  t o  t h e  m a g n e t i c  e q u a t o r .  Although 

t h e  90" o r i e n t a t i o n  example  i n c l u d e s  o rb i t s  p a s s i n g  o v e r  t h e  p o l a r  r e g i o n s  

where no c h a r g e  exchange  c o l l i s i o n s  o c c u r ,  there is  n o t  much d i f f e r e n c e  

between i t  and t h e  O o  c u r v e  r e p r e s e n t i n g  mot ion  i n  t h e  m a g n e t i c  e q u a t o r i a l  

p l a n e .  

The k i n e t i c  d i s t r i b u t i o n s  evaluated i n  t h i s  pape r  e x h i b i t  smoother  

b e h a v i o r  w i t h  r e s p e c t  t o  $ t h a n  i n  t h e  CS1 t r e a t m e n t  of t h e  p l a s m a s p h e r e  

i n t e r a c t i o n .  I n  p a r t i c u l a r ,  r e fe r r ing  t o  CS1 F i g u r e  3, t h e  s t r o n g  d e p l e t i o n  

a f t e r  apogee  of k i n e t i c  p a r c e l s  on t ra jector ies  h a v i n g  i n s u f f i c i e n t  e n e r g y  t o  

p i e r c e  t h e  p lasmapause  (segment Q i n  tha t  f P g u r e ,  which a l s o  exhibits a 

c o m p u t a t i o n a l  d i s c o n t i n u i t y  a t  $ = 0) is d u e  t o  t h e  i n a p p r o p r i a t e  e x p r e s s i o n  

u s e d  for  t h e  e f f e c t i v e  c o l l i s i o n  speed i n  t h a t  p a p e r ,  as d i s c u s s e d  ear l ier ;  

namely ,  t h e  1 / $  term becomes large n e a r  a p o g e e ,  when t h i s  is w i t h i n  t h e  

p l a s m a s p h e r e ,  l e a d i n g  t o  a l a r g e  o v e r e s t i m a t e  of t h e  l o s s  term. Although t h e  

bound component r e s p o n s e  i n  t h e  CS1 t r e a t m e n t  was t h u s  e x a g g e r a t e d ,  i t  is 

s t i l l  e x p e c t e d  t h a t  t r a j e c t o r i e s  r i s i n g  above  t h e  p l a smapause  ough t  n o t  t o  be 

as s t r o n g l y  d e p l e t e d  as those rema in ing  e n t i r e l y  w i t h i n  a h o t  p l a smasphe re ,  

and t h i s  behav io r  is c lear ly  shown i n  F i g u r e  3 i n  c o n j u n c t i o n  w i t h  t h e  

s p h e r i c a l  p l a smasphe re  model by t h e  pronounced minimum n e a r  $ = 1.6 (u = -1 ) . 
The e f fec t  of s o l a r  i o n i z a t i o n  (SI) mechanisms,  i n c o r p o r a t e d  v i a  Eqn. 

(151, is also shown i n  Figures  3 and 4 i n  c o n j u n c t i o n  w i t h  t h e  d i p o l a r  

p l a s m a s p h e r e  model ( a v e r a g e d  ove r  p lane  of mot ion  o r i e n t a t i o n  w i t h  respect t o  

t h e  m a g n e t i c  e q u a t o r ) .  Those t r a j e c t o r y  parcels w i t h  l o n g e r  f l i g h t  times 

17 



(downward moving a toms  w i t h  h igh  apogees i n  F i g u r e  3, l o o p i n g  a toms  i n  F i g u r e  

4 )  are affected c o n s i d e r a b l y .  These f i g u r e s  a l s o  i l l u s t r a t e  t h e  r e l a t i v e  

i n s e n s i t i v i t y  o f  t h e  charge exchange c o l l i s i o n  i n t e g r a l  e v a l u a t i o n  t o  t he  

s e l e c t i o n  of t h e  rcs parameter i n  t h e  a n a l y t i c  models  u sed  i n  t h e  c r e a t i o n  

term, d e m o n s t r a t e d  here i n  c o n j u n c t i o n  w i t h  t h e  s p h e r i c a l  p l a s m a s p h e r e  model. 

The l a r g e r  v a l u e s  of E f o r  rCs - r i n c r e a s e  t h e  n e t  v a l u e  of ( 1  + (01, s i n c e  

t h i s  enters i n t o  t h e  computa t ions  as a m u l t i p l i c a t i v e  f a c t o r .  The v a r i a t i o n  

is small ,  t h o u g h ,  s i n c e  4 i tself  e x h i b i t s  small v a r i a t i o n  t h r o u g h o u t  t h a t  

r e g i o n  of t h e  p l a smasphe re  where most of t h e  charge exchange  c o l l i s i o n s  o c c u r .  

The v a r i a t i o n  of t h e  r e s u l t s  w i t h  rCs in c o n j u n c t i o n  wi th  t h e  d i p o l a r  

p l a s m a s p h e r e  model is even smaller, s i n c e  most c o l l i s i o n s  t h e n  occur c l o s e r  t o  

t h e  e x o b a s e .  

P 

To fur ther  i l l u s t r a t e  t h e  k i n e t i c  m o d i f i c a t i o n s  a r i s i n g  i n  t h e  

p l a smasphe re  i n t e r a c t i o n ,  t h e  ( 1 .  + @ ) - e v o l u t i o n  is shown a l o n g  s e v e r a l  

selected trajectories in F i g u r e s  5-9. The n e t  a c c u m u l a t i o n  as a f u n c t i o n  of 

f r a c t i o n a l  f l i g h t  time a l o n g  a b a l l i s t i c  t r a j e c t o r y  t h a t  r e m a i n s  w i t h i n  b o t h  

plasmasphere mode l s  ( v e r t i c a l  mot ion ,  apogee  a t  3.65 RE> i s  shown i n  F i g u r e  

5. The  enhancement factor is r emarkab ly  unchang ing  and close t o  u n i t y  with 

t h e  d i p o l a r  p l a smasphe re  model w h i l e  t h e  s p h e r i c a l  p l a s m a s p h e r e  model results 

i n  t h e  famil iar  d e p l e t i o n ,  w i t h  s l i g h t  enhancements  ( d @ / d t  > 0)  o c c u r r i n g  n e a r  

t h e  exobase where t h e  h i g h e s t  speeds are a t t a i n e d .  The smooth b e h a v i o r  of t h e  

( 1  + 0) v a r i a t i o n  might  be  no ted .  F i g u r e  6 i l l u s t r a t e s  t h e  n e t  a c c u m u l a t i o n  

a l o n g  a n  e s c a p i n g  t r a j e c t o r y  as a f u n c t i o n  of f l i g h t  time between t h e  exobase  

and geosynchronous  r a d i u s  for  both a s c e n d i n g  and d e s c e n d i n g  m o t i o n s ,  most of 

which is g a i n e d  below 2.00 RE. The greater enhancement w i t h  t h e  s p h e r i c a l  

p l a s m a s p h e r e  model complements t h e  b a l l i s t i c  p a r c e l  e r o s i o n  i l l u s t r a t e d  i n  

F i g u r e  5. T h i s  is not  a pa r t i cu la r ly  f a s t  t r a j e c t o r y ,  showing o n l y  modera t e  
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enhancement . 
Figure  7 shows the  v a r i a t i o n  of ( 1  + 9) over  an o r b i t  of a t r a j e c t o r y  

t h a t  l o o p s  t h e  p l a n e t  many times, for  three o r b i t s .  The ea r l i e s t  o r b i t ,  w i t h  

a p e r i g e e  s t i l l  close t o  t h e  exobase ,  e x h i b i t s  p o r t i o n s  where d@/d t  > 0 even 

for  i n t e r a c t i o n  w i t h  t h e  s p h e r i c a l  p l a smasphe re  model; these o c c u r  nea r  

p e r i g e e  where t h e  speed is l a r g e s t .  By o r b i t  15, t h e  mot ion  has c i r c u l a r d z e d  
. 

t o  some e x t e n t ,  s o  t h a t  t h e  v a r i a t i o n s  are m i l d e r ,  w h i l e  i n  t h e  l a s t  o rb i t  

shown ( o r b i t  27) perigee is again a p p r o a c h i n g  t h e  e x o b a s e ,  w i t h  - > 0 

c o n t r i b u t i o n s  becoming more e v i d e n t .  Again,  two o r i e n t a t i o n s  are shown f o r  

dO 
d t  

mo t ion  t h r o u g h  t h e  d i p o l a r  p l a smasphe re ,  w i t h  the 90" o r i e n t a t i o n  of t h e  p l a n e  

o f  mot ion  r e s u l t i n g  i n  a weaker i n t e r a c t i o n .  S i n c e  t h e  d ipolar  p l a smasphe re  

i n t r o d u c e s  r e g i o n s  o v e r  t h e  magnet ic  p o l e s  devo id  of d e n s e  p l a sma ,  t i g h t l y  

bound t ra jector ies  no t  l y i n g  i n  t h e  magne t i c  e q u a t o r  c a n  possess plasmapause  

p a s s a g e s  and so have  segmen t s  o f  . f l i g h t  where 5 = 0. Such segmen t s  occur 

a l o n g  the  D ,  90" t r a j e c t o r y  of F i g u r e  7,  though these are n o t  eas i ly  d i s c e r n e d  

because of t h e  a p p a r e n t  b a l a n c e  i n  t h e  i n t e r a c t i o n  w i t h  t h i s  p l a smasphe re  

model. As an as ide ,  t h i s  t r a j e c t o r y  is a good example  of a t i g h t l y  bound 

t r a j e c t o r y  t o  which t h e  development of Chamber la in  c19791 is a p p l i c a b l e  - 
namely ,  t h i s  t r a j e c t o r y  e x h i b i t s  many l o o p s  a round  t h e  p l a n e t  w i t h  small 

changes  i n  o r b i t a l  p a r a m e t e r s  p e r  loop. 

dQ 

The e v o l u t i o n  o f  - ' - d@ a l o n g  the  t r a j e c t o r y  o r b i t s  of F i g u r e  7 f o r  two 

cases i s  shown i n  F i g u r e  8, i n  terms of t h e  s e p a r a t e  c r e a t i o n  and loss terms 

of Eqn. (10). S i n c e  t h e  s p e e d  of an e x o s p h e r i c  t r a j e c t o r y  is fastest  n e a r  

p e r i g e e  (and is p a r t i c u l a r l y  f a s t  f o r  orbi ters  nea r  t h e  e x o b a s e ) ,  t h e  re la t ive 

magn i tude  v a r i a t i o n s  of t h e  p r o d u c t i o n  terms a l o n g  this t r a j e c t o r y  grow n e a r  

p e r i g e e  w i t h  b o t h  p l a smasphe re  models and i n d i c a t e  a r a p i d  c o n t e n t  b u i l d u p  o f  

t ra jec tory  p a r c e l s  n e a r  t h e  exobase .  I t  is a l s o  e v i d e n t  t h a t  away from t h e  

( l + @ )  d-r 
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e x o b a s e ,  l o s s  terms dominate .  Away from t h e  e x o b a s e ,  b o t h  slower t r a j e c t o r y  

speeds and h i  gher plasma temper a t  ures  guar a n t  ee t h a t  c o l l i s i o n s  pr  ef e r e n  ti  a1 1 y 

r e s u l t  i n  loss  from bound t r a j e c t o r y  parcels by c o n v e r s i o n  t o  fas te r  moving 

atoms. I n d e e d ,  n e a r  2.00 RE t h e  most p r o b a b l e  p r o t o n  s p e e d s  f o r  bo th  

p l a smasphe re  models  are g r e a t e r  than t h e  l o c a l  e s c a p e  s p e e d .  Wi th  t h e  d i p o l a r  

p l a smasphe re  mode l ,  t h o u g h ,  t h e  loss term is n e g l i g i b l e  compared t o  t h a t  

e v a l u a t e d  w i t h  t h e  s p h e r i c a l  p lasmasphere  model b e c a u s e  o f  t h e  smaller H+ 

d e n s i t i e s ,  which d e r i v e  from t h e  fall-off w i t h  m a g n e t i c  i n t e n s i t y  c o u p l e d  w i t h  

smaller scale  he ights .  The loss terms v a r y  i n  p h a s e  w i t h  t h e  p r o d u c t i o n  

terms, r e f l e c t i n g  t he  p r o p o r t i o n a l i t y  of these terms t o  N . * 

F i g u r e  9 is meant t o  i l l u s t r a t e  t h e  e v o l u t i o n  of ( 1  + a )  over  the  e n t i r e  

l o o p i n g  f l i g h t  of the  t ra jectory of F i g u r e  7 ,  by showing t h e  v a l u e  of ( 1  + 4 )  

a t  t h e  e v e n i n g  t e r m i n a t o r  f o r  each o r b i t  ( t a k e n  t o  r e p r e s e n t  an o r b i t - a v e r a g e d  

v a l u e ) .  For t h e  f i rs t  few orbi ts ,  t h e  c r e a t i o n  term domina te s  d u r i n g  seg -  

ments  of flight n e a r  perigee, o f f s e t t i n g  t h e  d e p l e t i o n  o c c u r r i n g  elsewhere t o  

some e x t e n t  and keep ing  ( 1  + @ )  near u n i t y .  As t h e  o r b i t  c i r c u l a r i z e s ,  

t h e  d W d t  > 0 c o n t r i b u t i o n s  d e c r e a s e ,  and  t h e  a v e r a g e  v a l u e  decreases from 

o n e  o r b i t  t o  the  n e x t .  E v e n t u a l l y  p e r i g e e  a g a i n  moves close t o  t h e  e x o b a s e ,  

so  t h a t  a v e r a g e  v a l u e s  c a n  r i se .  The 90" o r i e n t a t i o n  of mot ion  t h r o u g h  t h e  

d i p o l a r  p l a smasphe re  shows a g a i n  a milder v a r i a t i o n  as the o r b i t  e v o l v e s ,  due  

t o  t h e  p o r t i o n s  of f l i g h t  o u t s i d e  t h e  p l a s m a s p h e r e  o v e r  t h e  p o l a r  r e g i o n s .  

The d i p o l a r  p l a s m a s p h e r e  model o v e r a l l ,  due  t o  t h e  c o o l e r  p lasma t e m p e r a t u r e s  

n e a r  t h e  e x o b a s e ,  r e s u l t s  i n  a net  enhancement t o  t h e  s a t e l l i t e  t r a j e c t o r y  

parcels i n  t h i s  exampIe. 

The magni tude  o f  v a r i a t i o n  shown i n  F i g u r e s  5-9 d e m o n s t r a t e s  t h e  plasma- 

s p h e r e  i n t e r a c t i o n  c o n t r o l  of t r a j e c t o r y  parcel c o n t e n t s .  The fac t  t h a t  b o t h  

t h e  p r o d u c t i o n  and l o s s  terms can e x h i b i t  r e l a t i v e  magn i tude  v a r i a t i o n s  on t h e  
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order of u n i t y  fo r  certairi segments of f l i g h t  i n d i c a t e s  t h a t  t h e  atoms 

c o n t a i n e d  i n  a t ra jectory parcel a t  l a u n c h  from t h e  e x o b a s e  are e f f i c i e n t l y  

d i s p l a c e d  by c h a r g e  exchanged a toms,  p a r t i c u l a r l y  i f  t h e  p a r c e l  b e l o n g s  t o  a 

t r a j e c t o r y  t h a t  l o o p s  t h e  p l a n e t  s e v e r a l  times w i t h  near -exobase  p e r i g e e s .  I n  

view of t h i s ,  i t  i s  somewhat remarkable t h a t  t he  k i n e t i c  d i s t r i b u t i o n  o b t a i n e d  

u s i n g  d i p o l a r  p l a s m a s p h e r e  model resembles t h e  e v a p o r a t i v e  case s o  c l o s e l y .  

I n d e e d ,  t h e  a p p a r e n t l y  Igweakgg i n t e r a c t i o n  w i t h  t h e  d i p o l a r  p l a s m a s p h e r e  model 

shown i n  F i g u r e s  5 and 7 a c t u a l l y  c o n c e a l s  a n e a r  b a l a n c e  between t h e  

p r o d u c t i o n  and l o s s  terms of Eqn. (10) .  A t  h igher  s p e e d s ,  as i n  F i g u r e  6, t h e  

k i n e t i c  a c t i v i t y  is  u n v e i l e d .  L i k e w i s e ,  t r a j e c t o r y  p a r c e l s  w i t h  slow l a u n c h  

s p e e d s  (and  s o  unable t o  c l i m b  t o  2.00 R E )  s u f f e r  a n e t  loss  of atoms. With 

s u c h  s p e e d s ,  however ,  t h e  r e l a t i v e  d e p l e t i o n  a re  n o t  l a r g e  b e c a u s e  of t h e  

brief f l i g h t  t i m e s  i n v o l v e d .  An i n d i c a t i o n  of t h i s  i s  p r o v i d e d  i n  F i g u r e s  3 

and 4 ,  where t h e  enhancement f a c t o r s  (1+9)  e v a l u a t e d  a t  2.00 RE w i t h  t h e  

d i p o l a r  p l a s m a s p h e r e  model are less t h a n  u n i t y  for  JI < J I ’ ,  but  n o t  by much. 

When t h e  i n t e r a c t i o n  is e v a l u a t e d  with t h e  s p h e r i c a l  p l a s m a s p h e r e  model, t h e  

l o s s  term is n o t  matched by g a i n  u n t i l  h i g h e r  s p e e d s  are c o n s i d e r e d  ( J ,  = I),,, 

f o r  t h e  p a r a m e t e r  v a l u e s  selected here) .  I t  migh t  a l so  be n o t e d  t h a t  t h e  

i n c l u s i o n  of H,  H+ c o l l i s i o n s  erases t o  some e x t e n t  t h e  i n i t i a l  i d e a l i z a t i o n  

of a n  exobase :  the  exchanges  H 2 H+ p r o c e e d  s o  r a p i d l y  n e a r  500 km a l t i t u d e  

t h a t  a n y  errors i n t r o d u c e d  by t h e  assumpt ion  

N ce - 
TC112 f c  a 

are q u i c k l y  masked by t h e  c h a r a c t e r i s t i c s  of t h e  l oca l  p r o t o n  d i s t r i b u t i o n .  

F i g u r e s  7 a n d  9 a l s o  i l l u s t r a t e  t h e  e f fec t  of s e l e c t i n g  res = r i n  

c o n j u n c t i o n  w i t h  t h e  spherical  p lasmasphere  model. Even af ter  pro longed  

P 
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exposure,  ( 1  + 9) v a l u e s  a re  l i t t l e  a l t e r e d .  I t  i s  c lear  from these f i g u r e s  

and F i g u r e s  3 a n d  4 t h a t  t h e  d e c i s i o n  c o n c e r n i n g  t h e  most a p p r o p r i a t e  res 

v a l u e  t o  u s e  I n  t h e  c r e a t i o n  c o l l i s i o n  term of Eqn. (10)  is a minor one as 

regards t h e  d e t e r m i n a t i o n  of t h e  geocoronal  k i n e t i c  d i s t r i b u t i o n .  T h i s  lack 

of s e n s i t i v i t y  t o  rcs carries o v e r  t o  macroscopic q u a n t i t i e s :  t h e  two ext reme 

v a l u e s  selected i n  t h i s  s t u d y  y i e l d  p r a c t i c a l l y  i d e n t i c a l  r e s u l t s  f o r  t h e  

hydrogen atom d e n s i t y .  I n  t h e  remainder  of t h i s  p a p e r ,  t h e  choice rcs = rc  is 

t a d  t l y  assumed. 

Ceo cor o n  a1 Mod e l  s 

The e v a p o r a t i v e  model c o n s t r u c t e d  u s i n g  t h e  new t ra jec tory  c a l c u l a t i o n s  

is e s s e n t i a l l y  t h e  same as that descr ibed i n  CS1, e v e n  t h o u g h  a n  o f f s e t  of 2 O  

between t h e  a x e s  of c o m p u t a t i o n  is p r e s e n t .  T h i s  i n d i c a t e s  i n  i t s e l f  t h a t  the  

Earth-Sun a x i s  is n o t  c r i t i c a l ,  iq t h a t  q u a n t i t i e s  do n o t  v a r y  r a p i d l y  when 

moving away from a x i a l  p o s i t i o n .  The d e f i n i n g  e x p r e s s i o n s  f o r  the  q u a n t i t i e s  

d i s c u s s e d  i n  t h i s  s e c t i o n  ( d e n s i t y  components ,  c o l m n  d e n s i t y ,  k i n e t i c  

t e m p e r a t u r e ,  a n d  e s c a p e  f l u x )  a r e  p r e s e n t e d  i n  CS1 (Eqns.  (19)- (22))  where t h e  

summation schemes are also outlined. The d i s c u s s i o n  here is i n  terms of 

n o r m a l i z e d  q u a n t i t i e s ,  w i t h  t h e  n o r m a l i z a t i o n  b e i n g  i n  r e f e r e n c e  t o  t h e  

a n a l y t i c  rcs = rc  model, as t h i s  format  h i g h l i g h t s  d i f f e r e n c e s  between t h e  

v a r i o u s  models. The e x o b a s e  parameters used i n  these c a l c u l a t i o n s  a r e  g i v e n  

i n  T a b l e  1 .  

F i g u r e  10 shows t h e  normalizfxl hydrogen d e n s i t y  p r o f i l e s  a l o n g  t h e  

m i d n i g h t  a x i s  f o r  models i n c o r p o r a t i n g  e i ther  t h e  s p h e r i c a l  o r  t h e  d i p o l a r  

p l a s m a s p h e r e  model, both w i t h  and w i t h o u t  solar i o n i z a t i o n ,  compared w i t h  t he  

e v a p o r a t i v e  d e n s i t y  p r o f i l e .  The models i n c o r p o r a t i n g  t h e  d ipo la r  p lasmasphere  

model m i m i c  t h e  e v a p o r a t i v e  r e s u l t s  c l o s e l y ,  w i t h  an enhancement of d e n s i t i e s  
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i n  t h e  outer g e o c o r o n a l  r e g i o n  when so la r  i o n i z a t i o n  is i g n o r e d .  The 

d e p l e t i o n  of t h e  e x o s p h e r i c  c o n t e n t  associated w i t h  t h e  s p h e r i c a l  p lasmasphere  

model n o t e d  i n  ‘2.51 is  e v i d e n t  here ,  though t h e  d e p l e t i o n  is n o t  as comple te  

w i t h  t h e  more r i g o r o u s  f o r m u l a t i o n  used  here f o r  t h e  c o l l i s i o n  i n t e g r a l s .  

(Note t h a t  t h e  c a l c u l a t i o n s  for  t h e  p l a s m a s p h e r e  i n t e r a c t i o n  have been 

e x t e n d e d  down t o  t h e  e x o b a s e . )  

The m a j o r i t y  of c o l l i s i o n s  i n  t h e  dipolar p l a s m a s p h e r e  i n t e r a c t i o n  model 

o c c u r  w i t h i n  a few t h o u s a n d  kilometers of t h e  e x o b a s e ,  p r o d u c i n g  h i g h e r  e n e r g y  

bound atoms (U* < vest> which i n  t u r n  comprise t h e  enhancement of d e n s i t y  a t  

higher a l t i t u d e s .  Al though t h e  loss term d o m i n a t e s  at higher a l t i t u d e s ,  i t  is 

t o o  small t o  e f f e c t i v e l y  a l t e r  t h e  d e n s i t i e s .  I n  t h e  s p h e r i c a l  p lasmasphere  

i n t e r a c t i o n  model, w h i l e  a n e t  g a i n  by f a s t e r  t r a j e c t o r y  p a r c e l s  c a n  occur 

n e a r  t h e  e x o b a s e ,  t h e  loss  term does a f f e c t  t h e  d e n s i t y  t o  c o m p a r a t i v e l y  h i g h  

a l t i t u d e s ,  r e s u l t i n g  i n  t h e  e r o s i o n  shown i n  F i g u r e  10. T h i s  l i n e  of argument 

indicates t h a t  while  t h e  s p h e r i c a l  p lasmasphere  model s h o u l d  r e s u l t  i n  lower 

column d e n s i t i e s  compared t o  t h e  e v a p o r a t i v e  v a l u e s ,  t h e  d i p o l a r  p l a s m a s p h e r e  

model s h o u l d  a c t u a l l y  i n c r e a s e  t h e  column d e n s i t i e s ,  i n  effect  t r a n s f e r r i n g  

n e a r  e x o b a s e  atoms (which are q u i c k l y  r e p l e n i s h e d )  t o  h i g h e r  a l t i t u d e s  w i t h  

l o n g e r  r e s i d e n c e  t i m e s .  Column dens i t i e s  p r e s e n t e d  i n  T a b l e  2 show t h a t  

i n d e e d  t h i s  is t he  case. 

Although so la r  i o n i z a t i o n  p r o c e s s e s  do n o t  a l t e r  t h e  character of t h e  

d e n s i t y  p r o f i l e s  a r i s i n g  i n  t h e  p lasmasphere  i n t e r a c t i o n  models, t h e  i n f l u e n c e  

of solar i o n i z a t i o n  is n o t  n e g l i g i b l e  a t  o u t e r  g e o c o r o n a l  l o c a t i o n s .  The 

s a t e l l i t e  component a t  these alt i tudes (beyond geosynchronous  r a d i u s )  has 

l i m i t e d  e x p o s u r e  t o  t h e  p l a s m a s p h e r e ,  most of which t r a n s p i r e s  away from the  

e x o b a s e  where plasma t e m p e r a t u r e s  are h i g h  so  t h a t  d e s t r u c t i v e  c o l l i s i o n s  

dominate .  These t ra jec tor ies  are n o t  q u a s i - K e p l e r i a n  o r b i t s ,  b u t  rather have 
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"perigees" that.  q u i c k l y  r i s e  away from the exobase. Hence, except near 

launch, the content of s a t e l l i t e  t r a j e c t o r y  parcels t ravers ing  t h e  outer 

geocorona a r e  e f fec t ive ly  evaporative i n  nature and a r e  noticeably eroded by 

s o l a r  ionizat ion d u e  t o  the long f l i g h t  times involved. I n  cont ras t ,  a t  inner 

geocoronal locat ions (i  .e., ins ide the plasmapause and espec ia l ly  w i t h i n  2.00 

RE) t h e  lower apogee b a l l i s t i c  and s a t e l l i t e  atoms tha t  comprise the  b u l k  of 

t h e  density a r e  regulated by plasmaspheric charge exchange c o l l i s i o n s ;  i n  

these circumstances, solar  ionizat ion is not important due t o  the continual 

turnover of t ra jec tory  parcel content. 

F i g u r e  1 1  compares the geota i l  r a t i o s  (i.e., t h e  r a t i o  of the midnight 

axis dens i t ies  t o  those along t h e  noon a x i s )  f o r  t h e  evaporative model and  t h e  

dipolar plasmasphere interact ion model both w i t h o u t  and w i t h  so la r  ionizat ion.  

I n  keeping w i t h  the generation of the geota i l  by rad ia t ion  pressure dynamics, 

t h e  geota i l  is l i t t l e  changed by the inclusion of a dipolar plasmasphere w i t h  

or without s o l a r  ionization processes. The corresponding r e s u l t s  f o r  the  

spherical  plasmasphere interact ion models a r e  not included, as these are 

e s s e n t i a l l y  ident ica l  t o  the dipolar results.  T h e  dynamical underpinning of 

t h e  geota i l  is b l i n d  t o  the manner by which t r a j e c t o r i e s  are populated, a n d  

s ince  l o c a l  time variations of t h e  topside ionosphere have been ignored, the 

geota i l  r a t i o s  computed here cannot e x h i  b i t  d i f ferences between plasmasphere 

in te rac t ion  models. 

I n  Figure 12 ,  the  s a t e l l i t e  f r a c t i o n  i s  shown f o r  the same models 

re fer red  t o  i n  Figure 10 ,  along t h e  midnight axis. As discussed above, 

considerable erosion o f  the s a t e l l i t e  component w i t h  the too hot ,  too  dense 

spher ica l  plasmasphere is evident and t h e  influence of s o l a r  ionizat ion a t  

outer geocoronal locations is a l s o  apparent. The dipolar plasmasphere model 

(without s o l a r  ionization) a c t u a l l y  increases the  s a t e l l i t e  population a t  
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o u t e r  geocorona l  a l t i t u d e s ,  r e f l ec t ing  t h e  t r a n s f e r  of a toms n e a r  t h e  e x o b a s e  

t o  higher ene rgy  bound o r b i t s .  

I n  F i g u r e  1 3 ,  k i n e t i c  t e m p e r a t u r e s  for t h e  e v a p o r a t i v e  ( a v e r a g e  o f  noon 

and midnight  a x i s  v a l u e s )  and the spher ica l  and d i p o l a r  p l a smasphe re  

i n t e r a c t i o n  models ( m i d n i g h t  a x i s  v a l u e s )  are shown a l o n g  w i t h  the  a n a l y t i c  

= r model t e m p e r a t u r e s .  These  are norma l i zed  w i t h  r e s p e c t  t o  t h e  k i n e t i c  

t e m p e r a t u r e s  o b t a i n e d  w i t h  t h e  a n a l y t i c  rcs = rc model ;  a g a i n ,  t h e  r e a s o n  for  

p r e f e r r i n g  t h i s  manner of p r e s e n t a t i o n  is t o  emphas ize  t h e  d i f f e r e n c e s  between 

p 

v a r i o u s  models and a p p r o a c h e s  i n  terms of a s t a n d a r d  i n t e l l i g i b l e  model. The 

resemblance of t h e  e v a p o r a t i v e  and t h e  d i p o l a r  p l a s m a s p h e r e  i n t e r a c t i o n  models 

t o  t h e  analyt ic  rcs = rp model is a g a i n  a p p a r e n t .  Solar i o n i z a t i o n  ( n o t  

shown) acts t o  "warm" t h e  o u t e r  geocoronal  s l i g h t l y  (< 20 K) d u e  t o  t h e  

p r e f e r e n t i a l  removal of slower atoms p o s s e s s i n g  l o n g e r  f l i g h t  times. 

( R e g r e t t a b l y ,  t h e  k i n e t i c  t e m p e r a t u r e s  computed f o r  t h e  a n a l y t i c  r e f e r e n c e  

models of GS1 were i n c o r r e c t l y  e v a l u a t e d  and  do n o t  have  t h e  p r o p e r  a s y m p t o t i c  

limits as A + 0. T h i s  m i s t a k e  has been r ec t i f i ed  i n  F igure  13. )  

L a s t l y ,  i n  F i g u r e  1 4 ,  t h e  e scape  f l u x  a r i s i n g  w i t h  t h e  s p h e r i c a l  and 

d i p o l a r  p l a s m a s p h e r e  models are shown, i l l u s t r a t i n g  t h e  well-known enhancement 

of hydrogen  escape f rom t h e  p l a n e t  [Chamber la in ,  1977; Maher and T i n s l e y ,  

19771. The "albedo effect" c o r r e c t i o n  descr ibed  i n  Chamber la in  C 1  !n71 has no t  

been  a p p l i e d .  I n c l u s i o n  o f  t h e  d i p o l a r  p l a smasphe re  does n o t  g i v e  as g r e a t  an 

enhancement f o r  t he  low- to-modera te  s o l a r  a c t i v i t y  pa rame te r  v a l u e s  used  i n  

t h i s  s t u d y .  The llweakeningll o f  the  s p h e r i c a l  p l a s m a s p h e r e  i n t e r a c t i o n  model 

e s c a p e  f l u x  a t  o u t e r  g e o c o r o n a l  r a d i i  was i n t e r p r e t e d  i n  CS1 as d u e  t o  loss t o  

h y p e r b o l i c  f l y b y  t r a j e c t o r i e s .  A separate c a u s e  is r e s p o n s i b l e  f o r  t h e  

similar feature e x h i b i t e d  by t h e  d i p o l a r  p l a smasphe re  i n t e r a c t i o n  model a t  

r a d i i  beyond its plasmapause. Namely, escape t r a j ec to r i e s  o r i g i n a t i n g  a t  
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p o l a r  l o c a t i o n s  and h a v i n g  l i t t l e  o r  nc exposure t o  t h e  d i p o l a r  plasmasphere 

beg in  making a c o n t r i b u t i o n  t o  t h e  escape f l u x  i n t e g r a l  a t  r a d i i  greater t h a n  

4.00 RE.  

Character isti c T i m e  Scales 

The r e s p o n s e  time o f  the  geocorona  t o  changes  i n  e i ther  exobase  or  

p l a smasphe re  c o n d i t i o n s  can  be c rude ly  estimated. F o r  t h e  s i m p l e  e v a p o r a t i v e  

case, solar  p h o t o i o n i z a t i o n  i n d i c a t e s  t h e  a v e r a g e  age  shown i n  F i g u r e  15, 

d e f i n e d  by 

<T> = T~~~ a n ( y )  Nevap  

s o l  
(16 )  

where  Nsol is t h e  d e n s i t y  o b t a i n e d  when s o l a r  i o n i z a t i o n  is  i n c l u d e d  w i t h o u t  

t h e  p l a smasphe re  i n t e r a c t i o n  ( N  = 0) is the  s o l a r  i o n i z a t i o n  decay 

time. The " s i n g l e  passf1 age is s i m i l a r l y  d e f i n e d ,  e x c l u d i n g  the  s a t e l l i t e  

c o n t r i b u t i o n  t o  t h e  d e n s i t y .  A t  i n n e r  g e o c o r o n a l  p o s i t i o n s ,  t h e  l l s i n g l e  pas s"  

a g e  is the  a p p r o p r i a t e  age t o  c o n s i d e r ,  n o t  m e r e l y  b e c a u s e  o rb i te rs  do n o t  

c o m p r i s e  t h e  major component b u t  a l so  b e c a u s e  of t h e  r e g u l a t i o n  of t r a j e c t o r y  

p a r c e l  c o n t e n t  by p l a smasphe r i c  charge exchange  c o l l i s i o n s .  A t  o u t e r  

g e o c o r o n a l  l o c a t i o n s ,  t h e  l l evapora t ive l l  age ac ts  as a n  uppe r  l i m i t  f o r  a 

r e s p o n s e  time. These age estimates, d e f i n e d  i n  terms of n e t  d e n s i t y  and  n o t  

t h e  k i n e t i c  d i s t r i b u t i o n  f u n c t i o n ,  might be u s e f u l  i n  a t t e m p t s  t o  gauge t h e  

feedback o f  i n t e r a c t i o n s  o f  t h e  exosphe re  w i t h  o t h e r  components of geospace  on 

t h e  s o u r c e s  of e x o s p h e r i c  hydrogen. 

* 
and Tsol 

26 



5 .  C O N C L U D I N G  R E M A R K 3  

The fundamen ta l  r o l e  p layed  by r a d i a t i o n  pressure dynamics i n  g e o c o r o n a l  

s t r u c t u r e  has p e r h a p s  i t s  most dramatic e f f ec t  i n  e s t a b l i s h i n g  t h e  g e o t a i l  as 

a permanent feature.  I n  l i g h t  of t h i s ,  i t  is a p p r o p r i a t e  t o  l o o k  upon 

"sa te l l i t e t1  t ra jector ies  as being d e f i n e d  by t h e  a c t i o n  of r a d i a t i o n  p r e s s u r e  

on atoms t r a p p e d  i n  t h e  p l a n e t a r y  g r a v i t a t i o n a l  f i e l d ,  w i t h  t h e  k i n e t i c  

d i s t r i b u t i o n  a l o n g  these t r a j e c t o r i e s  t h e n  b e i n g  de te rmined  by p o p u l a t i o n  

mechanisms (e.g., exobase  e v a p o r a t i o n ,  charge exchange  c o l l i s i o n s  w i t h  

p l a s m a s p h e r i c  p r o t o n s ,  a n d  s o l a r  i o n i z a t i o n ) .  I n  d i s c u s s i n g  t h e  i n t e r a c t i o n  

w i t h  t he  p la smasphe re ,  i t  i s  e v i d e n t  t h a t  t h e  k i n e t i c  d i s t r i b u t i o n  f u n c t i o n  

a l o n g  a trajectory neve r  a t t a i n s  t o  a n  e q u i l i b r i u m  w i t h  the p l a s m a s p h e r i c  

p r o t o n  d i s t r i b u t i o n ;  t h i s  is due both  t o  dynamica l  s p e e d  v a r i a t i o n s  a l o n g  

e x o s p h e r i c  trajectories and t o  s p a t i a l  v a r i a t i o n s  i n  p l a s m a s p h e r i c  

q u a n t i  ti es . A t  r a d i a l  d i s t a n c e s  of 2.00 RE and beyond ( w i t h i n  t h e  

p l a s m a s p h e r e ) ,  most c o l l i s i o n s  result i n  l o s s  of bound component atoms v i a  

c o n v e r s i o n  t o  fas t  e s c a p i n g  a toms;  i n  t h e  d i p o l a r  p l a smasphe re  i n t e r a c t i o n  

model e v a l u a t e d  here, though,  s u c h  c o l l i s i o n s  are of minor s i g n i f i c a n c e  

b e c a u s e  of t h e  r a p i d  dec rease  i n  p r o t o n  d e n s i t i e s  away from the exobase .  

C o l l i s i o n s  o c c u r r i n g  n e a r  the e x o b a s e ,  on t h e  other hand,  can  enhance  t h e  

p o p u l a t i o n  of bound component s a t e l l i t e  t r a j ec to r i e s ,  even  when t h e  t o o  h o t ,  

too d e n s e  s p h e r i c a l  p lasmasphere  model is used  ( though  i n  t h i s  case t h e  

enhancement o n l y  s u r v i v e s  locally). 

A t  t h e  l o c a t i o n s  selected for  e v a l u a t i o n  i n  t h i s  work, t h e  v a r i a t i o n  of 

p lasma temperature w i t h  a l t i t u d e  is t h e  most  i m p o r t a n t  r e v i s i o n  t o  CS1 

i n t r o d u c e d  by t h e  dipolar p lasmasphere  model.  The d i p o l a r  shape is  no t  a 

m a j o r  factor  for  p o i n t s  of e v a l u a t i o n  a l o n g  t h e  Earth-Sun a x i s  s i n c e  t h i s  is a 

maximum e x p o s u r e  o r i e n t a t i o n  o f  c o n s i d e r a b l e  symmetry; c a l c u l a t i o n s  w i t h  a 
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sphe r i ca l  plasmasphere model  p o s s e s s i n g  t h e  e q u a t o r i a l  d e n s i t y  and  temperature 

p r o f i l e s  of t he  d i p o l a r  plasmasphere model i n t r o d u c e d  o n l y  s l i g h t  v a r i a t i o n s  

t o  t h e  d i p o l a r  p lasmasphere  i n t e r a c t i o n  r e s u l t s  shown i n  F i g u r e s  10-14. A t  

other m a g n e t i c  l a t i t u d e s ,  and p a r t i c u l a r l y  a t  m i d l a t i t u d e s ,  features related 

t o  t h e  d i p o l a r  s h a p e  would be more pronounced.  The dipolar p l a s m a s p h e r e  

i n t e r a c t i o n  model e v a l u a t e d  i n  t h i s  s t u d y  is somewhat remarkable in n o t  

d i f f e r i n g  from t h e  e v a p o r a t i v e  geocoronal  model t o  a n y  great e x t e n t .  I t  is  

n o t  li k e l y  t h a t  i n t r o d u c i n g  l l real is t ic l l  v a r i a t i o n s  of s t e a d y  s t a t e  

p l a s m a s p h e r i c  p a r a m e t e r s  would a l ter  t h i s  almost balanced s i t u a t i o n  t o  a n y  

great e x t e n t ,  a t  l ea s t  for  low-to-moderate solar  c o n d i t i o n s .  T h i s  may 

i n d i c a t e  a c o n s i d e r a b l e  i n f l u e n c e  of t he  e x o s p h e r e  o n  p l a s m a s p h e r i c  s t r u c t u r e ;  

a n  i n v e s t i g a t i o n  of t h i s  p o i n t  is c e r t a i n l y  w a r r a n t e d .  The c o m p a r a t i v e  

i n s e n s i t i v i t y  of the  p lasmasphere  i n t e r a c t i o n  c a l c u l a t i o n s  t o  the  z e r o t h - o r d e r  

d e n s i t y  model i n  t h e  c r e a t i o n  i n t e g r a l  of Eqn. (10)  re la tes  back t o  r a d i a t i o n  

p r e s s u r e  dynamics,  i n  t h a t  s a t e l l i t e  t ra jector ies  n e c e s s a r i l y  c o n s t i t u t e  a 

minor component i n  t h e  v e l o c i t y  space a t  near -exobase  l o c a t i o n s  i r r e s p e c t i v e  

of t h e  mechanisms r e g u l a t i n g  t h e  p o p u l a t i o n  of these t ra jec tor ies .  The 

a s s u m p t i o n  of no  momentum exchange  i n  t h e  charge e x c h a n g e  r e a c t i o n  c o n t r i b u t e s  

t o  t h i s  i n s e n s i t i v i t y .  The s i m i l a r i t y  of t h e  CS1 s p h e r i c a l  p l a s m a s p h e r e  

i n t e r a c t i o n  r e s u l t s  t o  those e v a l u a t e d  i n  t h i s  p a p e r  is a consequence  of t h i s ,  

d e s p i t e  t h e  d i f f e r e n c e s  i n  t h e  t r e a t m e n t  of t h e  Boltzmann c o l l i s i o n  i n t e g r a l .  

The a d v a n t a g e  of t h e  c o m p u t a t i o n a l  framework used here l i e s  i n  t h e  

e x p l i c i t  n a t u r e  of t h e  t r a j e c t o r y  s e l e c t i o n  and i n  t h e  p r e c i s i o n  w i t h  which 

q u a n t i t i e s  can  be e v a l u a t e d  a t  s p e c i f i e d  p o i n t s .  I t  also establ ishes  a 

c o n s t r u c t i v e  framework for  a n a l y s i n g  and i n t e r p r e t i n g  t h e  results of Monte 

Carlo s i m u l a t i o n s .  Hodges e t  a l .  E19811 and T i n s l e y  et al .  E19861 i n  

p a r t i c u l a r  report e x t e n s i v e  s t u d i e s  u s i n g  t h e  Monte Carlo t e c h n i q u e ,  
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i n c o r p o r a t i n g  p l a n e t a r y  r o t a t i o n ,  exobase t e m p e r a t u r e  n o n u n i f o r m i t i e s ,  a n d  

t h e r m o s p h e r i c  winds  i n  a d d i t i o n  t o  Lyman-a photon  s c a t t e r i n g  and steady-state 

p l a smasphe re  models ;  t h e  more recent set  of s i m u l a t i o n s  [ T i n s l e y ,  e t  a l . ,  

19861 e x p l o r e s  g e o c o r o n a l  v a r i a t i o n s  a s s o c i a t e d  w i t h  t h e  s o l a r  cycle and  w i t h  

t h e  empty ing  of p l a s m a s p h e r i c  con ten t  f o l l o w i n g  m a g n e t i c  s u b s t o r m s .  These 

s i m u l a t i o n s  d e m o n s t r a t e  t h e  impor tance  of t h e  plasma t e m p e r a t u r e  p r o f i l e  on 

geocorona l  k i n e t i c s  and i n d e e d  t h e  gene ra l  m o d u l a t i o n  of e x o s p h e r i c  c o n t e n t  by 

t h e  i n t e r a c t i o n  w i t h  t h e  p lasmasphere .  While t h e  r e s u l t s  of these s i m u l a t i o n s  

are u s e f u l  i n  e s t i m a t i n g  e x o s p h e r i c  parameters for a v a r i e t y  o f  a p p l i c a t i o n s ,  

t h e  p h y s i c s  i n v o l v e d  is o f t e n  no t  appreciated and some results have  seemed 

p u z z l i n g .  For example ,  i t  is d i f f i c u l t  t o  g a i n  any  i n s i g h t  i n t o  t h e  g e o t a i l  

phenomenon or i n t o  t he  characteristics of t h e  o u t e r  g e o c o r o n a l  s a t e l l i t e  

p o p u l a t i o n  u s i n g  Monte C a r l o  t e c h n i q u e s ,  p a r t i c u l a r l y  when t h e  s u b s e q u e n t  

a n a l y s i s  is couched i n  K e p l e r i a n  terms. A l s o ,  some care m u s t  be e x e r c i s e d  i n  

a s s e s s i n g  t h e  meaning  of t h e  e f f e d t i v e  component "temperatures" p r e s e n t e d  by 

T i n s l e y  et al. C1986, Figure 111. I n  t h i s  regard ,  c o n s i d e r  t h e  a n a l y t i c  

e x o s p h e r e  model w i t h  rcs = r p o s s e s s i n g  a c o m p l e t e  bound component for  r < 

r For  t h e  e x o b a s e  p a r a m e t e r s  u sed  i n  t h i s  s t u d y ,  the a n a l y t i c  model k i n e t i c  

t e m p e r a t u r e  a t  an a l t i t u d e  o f  750 km above t h e  e x o b a s e  r ema ins  n e a r  T c  

(-1 OOOK 1; t h e  s a t e l l i t e  component,  t aken  a l o n e ,  has an e f f e c t i v e  " t e m p e r a t u r e "  

of TSAT = 2850K, r e f l e c t i n g  t h e  fas t  s p e e d s  of o r b i t i n g  a t o m s  n e a r  t h e  

exobase .  This  s a t e l l i t e  l l t empera tu re"  is g i v e n  by [Chamber la in ,  19631 

P '  

P'  

A t  2.00 where Y ( a , b )  is t h e  i n c o m p l e t e  gamma f u n c t i o n  and x = a - 
RE, where t h e  s a t e l l i t e  component compr ises  1/5 o f  t h e  t o t a l  d e n s i t y ,  t h e  

a 2  
+ a *  

x C  
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(complete)  k i n e t i c  t e m p e r a t u r e  d rops  t8j  -900K, yet. TSA7 -- 16" s t i l l  exceeds 

T,. The p o i n t  i s  t h a t  t h e  component c o n t r i b u t i o n s  t o  t h e  n e u t r a l  k i n e t i c  

temperature are l a r g e l y  de t e rmined  by t h e  g r a v i t a t i o n a l  p o t e n t i a l ,  s o  t h a t  

h igh  t r a n s v e r s e  " t empera tu res1 '  do not n e c e s s a r i l y  i n d i c a t e  a c o n v e r s i o n  t o  

p l a s m a s p h e r i c  t e m p e r a t u r e s .  As regards t h e  i n t u i t i v e  meaning of t e m p e r a t u r e ,  

t h e  e x o s p h e r e  canno t  m a i n t a i n  p l a s m a s p h e r i c  v a l u e s ,  p a r t i c u l a r l y  a t  those 

r a d i i  where U* > vesc, b e c a u s e  t h e  n e u t r a l  atoms are  n o t  l f b o t t l e d l l  by t h e  

geomagnet ic  f i e l d .  The solar  cycle v a r i a t i o n s  of t h e  t r a n s v e r s e  t l t e m p e r a t u r e s f l  

r e p o r t e d  i n  T i n s l e y  e t  al. [1986] w o u l d  seem rather t o  r e l a t e  d i r e c t l y  t o  t h e  

e x t e n t  of t h e  s a t e l l i t e  component,  i n  t h a t  i n  t he  s o l a r  minimum s i m u l a t i o n s  

t h i s  component was a p p r e c i a b l y  p o p u l a t e d ,  making a s i g n i f i c a n t  c o n t r i b u t i o n  t o  

t h e  mean s q u a r e d  t r a n s v e r s e  v e l o c i t y ,  w h i l e  i n  t h e  s o l a r  maximum s i m u l a t i o n s  

t h e  s a t e l l i t e  component was r e l a t i v e l y  e roded  ( refer  t o  Figure 3 of T i n s l e y  e t  

a l .  C19861) and t h e  mean s q u a r e d  t r a n s v e r s e  v e l o c i t y  a c c o r d i n g l y  r educed .  

(A lso  n o t e  t h a t  the ou tward  moving escape  component " t e m p e r a t u r e s f 1  p r e s e n t e d  

i n  F i g u r e  11 of T i n s l e y  e t  a l ,  [1986] a r e  e v i d e n t l y  n o t  c o r r e c t e d  f o r  t h e  non- 

z e r o  e f f u s i o n  s p e e d s  associated w i t h  t h i s  component.) I n  b r i e f ,  i t  is n o t  

p l a u s i b l e  t o  l ook  upon t h e  geocorona  as e x h i b i t i n g  a two- t empera tu re  s t r u c t u r e  

w i t h  a t r a n s i t i o n  t o  p l a smasphe re  t e m p e r a t u r e s  n e a r  2.00 RE. 

The methodology employed th roughou t  GS1 and  t h i s  pape r  e x p l i c i t l y  r e v e a l s  

t h e  i n f l u e n c e  of solar  r a d i a t i o n  p r e s s u r e ,  p l a s m a s p h e r i c  charge exchange  

c o l l i s i o n s ,  and  solar i o n i z a t i o n  on geocoronal  k i n e t i c s  and s t r u c t u r e ,  and  is 

n o t  l i m i t e d  t o  t h e  s i m p l e  cases s o  f a r  s t u d i e d .  It can  a l s o  be eas i ly  recast  

t o  p e r m i t  c a l c u l a t i o n  of q u a n t i t i e s  not d i s c u s s e d  here. The accompanying 

paper on g e o c o r o n a l  l i n e  p r o f i l e s  [Bishop and  Chamber l a in ,  19861 is an  example 

of t h i s .  
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F I G U R E  CAPTIOKS 

F ig .  1 .  Comparison of t h e  e v a p o r a t i v e  g e o t a i l  d e n s i t y  r a t i o  w i t h  t h e  r a t i o  

of v e l o c i t y  space volume e lemen t s  Av for t h e  bound component. 

F ig .  2. K i n e t i c  d i s t r i b u t i o n s  a t  2.00 RE fo r  mot ion  a l o n g  t h e  Earth-Sun ax is  

on t h e  d a y s i d e  ( x  = OO), computed u s i n g  the s p h e r i c a l  p l a smasphe re  

( c u r v e  S )  a n d  d i p o l a r  p lasmasphere  ( c u r v e  D) m o d e l s ,  b o t h  w i t h  rcs = 

r c  i n  the c r e a t i o n  c o l l i s i o n  i n t e g r a l  of Eqn. (10). The e v a p o r a t i v e  

d i s t r i b u t i o n  is a lso  shown ( c u r v e  R P )  a n d  has been used f o r  

n o r m a l i z a t i o n .  

F i g .  3. Enhancement f a c t o r s  for t h e  bound components of t h e  k i n e t i c  

d i s t r i b u t i o n s  shown i n  F i g u r e  2 (curves D and  S ( r c ) ) .  A l s o  shown 

a re  v a l u e s  computed w i t h  solar i o n i z a t i o n  augmen t ing  t h e  d i p o l a r  

p l a s m a s p h e r e  i n t e r a c t i o n  ( c u r v e  D+SI) and by e v a l u a t i n g  t h e  

s p h e r i c a l  p l a smasphe re  i n t e r a c t i o n  w i t h  rcs = r p  i n  Eqn. (10) 

( c u r v e  S ( r p ) ) .  The speed needed t o  p i e r c e  t h e  spherical  plasmapause 

a t  t h i s  a l t i t u d e  i s  = 1.6. 

F ig .  4. Enhancement factors f o r  motion t r a n s v e r s e  t o  t h e  x = Oo a x i s  a t  

2.00 R E *  showing t h e  e f f e c t  of the  s p h e r i c a l  p l a s m a s p h e r e  f o r  two 

c h o i c e s  of rCs i n  e v a l u a t i n g  Eqn. ( 1 0 )  ( c u r v e s  S ( r c )  and S ( r p ) ) .  

Two o r i e n t a t i o n s  of t h e  dynamical  p l a n e  w i t h  r e s p e c t  t o  t h e  magne t i c  

e q u a t o r  have been chosen  i n  c o n j u n c t i o n  wi th  t h e  d i p o l a r  plasma- 

sphere model ( c u r v e s  D , O o  and D,90°, e v a l u a t e d  wi th  rcs = rc i n  Eqn. 

(10) ) .  Also shown is t h e  d i p o l a r  plasmasphere enhancement f a c t o r  
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i n c o r p o r a t i n g  so la r  i o n i z a t i o n  and a v e r a g e d  o v e r  a l l  dynamica l  p l a n e  

o r i e n t a t i o n s  ( c u r v e  DAVE+SI). 

F ig .  5. V a r i a t i o n  of the  enhancement f a c t o r  i n  t h e  d i p o l a r  (D) a n d  s p h e r i c a l  

(S( rc )  a n d  S ( r p ) ,  i n d i c a t i n g  t h e  rcs v a l u e  assumed i n  Eqn. (10) )  

p l a smasphe re  i n t e r a c t i o n  models a l o n g  a b a l l i s t i c  t r a j e c t o r y  

c o i n c i d e n t  w i t h  t h e  x = O o  a x i s ,  as a f u n c t i o n  of time of f l i g h t  

between l a u n c h  from and r e t u r n  t o  t h e  e x o b a s e  ( J I  = 2.211) . Apogee 

a n d  2.00 RE o c c a s i o n s  are i n d i c a t e d  a l o n g  t h e  a x i s  of abscissas. 

C 

F i g .  6. V a r i a t i o n  o f  t h e  enhancement f a c t o r  for  t h e  mode l s  c o n s i d e r e d  i n  

F i g u r e  5 a l o n g  a n  e s c a p i n g  t r a j e c t o r y  (p = ' 1 )  c o i n c i d e n t  w i t h  t h e  

noon ( x  = O o )  a x i s ,  as a f u n c t i o n  of time o f  f l i g h t  above t h e  

exo  bas e (JI, = 3.448). Cap tu re  c o u n t e r p a r t s  (p = - 1 )  are a l s o  

shorn. I n t e r s e c t i o n  w i t h  t h e  p l a smapause  l o c a t i o n s ,  a l o n g  w i t h  

2.00 RE o c c a s i o n ,  are i n d i c a t e d  a l o n g  t h e  a x i s  of abscissas. 

F i g .  7. V a r i a t i o n  of t h e  enhancement f a c t o r  a l o n g  selected o r b i t s  of a 

trajectory t h a t  e x h i b i t s  32 1 / 2  l o o p s  a b o u t  t h e  p l a n e t  ( l a u n c h e d  

n e a r  morning  t e r m i n a t o r ,  p r o g r a d e  m o t i o n ,  w i t h  xc = -0.562n, 

= 2.203, and  bc = 0 . 4 6 6 ~ )  Two o r i e n t a t i o n s  of t h e  m n a m i c a l  

p l a n e  w i t h  r e s p e c t  t o  t h e  m a g n e t i c  e q u a t o r  are i l lus t ra ted  i n  

c o n j u n c t i o n  w i t h  t h e  d i p o l a r  p l a smasphe re .  The s p h e r i c a l  plasma- 

s p h e r e  enhancement factors have been e v a l u a t e d  u s i n g  t h e  i n d i -  

cated rcs v a l u e s  i n  Eqn. (10).  Occas ions  of apogee  and p e r i g e e  f o r  

each o r b i t  are i n d i c a t e d .  

JIC 
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Fig .  b .  R e l a t i v e  magni tude  v a r i a t i o n s  of t h e  p r o d u c t i o n  ( P )  and  l o s s  ( L )  

terms of  Eqn. ( 1 0 )  a long  t h e  o r b i t s  o f  Figure 7 ,  f o r  t h e  D,Oo 

and S ( r c )  cases. ( T h e  s u b s c r i p t s  on t h e  o r d i n a t e  a x i s  l a b e l  are 

meant t o  i n d i c a t e  t h a t  P and L are s e p a r a t e l y  d i s p l a y e d ,  n o t  t h a t  

o n e  or t h e  o t h e r  has been h e l d  c o n s t a n t . )  

F i g .  9. E v o l u t i o n  of the  enhancement f a c t o r  a t  t h e  time of e v e n i n g  

t e r m i n a t o r  c r o s s i n g ,  fo r  t h e  t r a j e c t o r y  and cases c o n s i d e r e d  i n  

F i g u r e  7. 

Fig. 10. Normal ized  d e n s i t y  p r o f i l e s  a l o n g  t h e  m i d n i g h t  ( x  = 1 8 0 O )  a x i s ,  for  

t h e  d i p o l a r  (D) and s p h e r i c a l  (SI p l a s m a s p h e r e  i n t e r a c t i o n  mode l s ,  

bo th  w i t h o u t  and  w i t h  s o l a r  i o n i z a t i o n  (S I ) .  The e v a p o r a t i v e  

m i d n i g h t  d e n s i t y  p r o f i l e  i s  a l s o  shown ( R P ) .  N o r m a l i z a t i o n  is  w i t h  

r e s p e c t  t o  t h e  a n a l y t i c  rcs = rc model. 

F i g .  11 .  G e o t a i l  d e n s i t y  r a t i o s  f o r  t h e  d i p o l a r  p l a smasphe re  i n t e r a c t i o n  

model (D), w i t h o u t  and  w i t h  s o l a r  i o n i z a t i o n  (SI ) .  The e v a p o r a t i v e  

g e o t a i l  p r o f i l e  is a l s o  shown (RP). C e o t a i l  r a t i o s  a r i s i n g  i n  t h e  

s p h e r i c a l  p l a smasphe re  i n t e r a c t i o n  are  e f f e c t i v e l y  i n d i s t i n g u i s h a b l e  

from t h e  c o r r e s p o n d i n g  D ,  D+SI ra t ios .  

F i g .  12. Sa t e l l i t e  f r a c t i o n a l  d e n s i t y  p r o f i l e s  a l o n g  t h e  midn igh t  a x i s  f o r  

t h e  cases shown i n  F i g u r e  10. S a t e l l i t e  f r a c t i o n s  a l o n g  t h e  noon 

( x  - O o )  a x i s  are smaller t h a n  t h e  c o r r e s p o n d i n g  midn igh t  v a l u e s  at 

o u t e r  g e o c o r o n a l  l o c a t i o n s  and e x h i  b i t  similar p r o f i l e  shapes (-30% 

smaller a t  t h e  ou te rmos t  e v a l u a t i o n  p o i n t  i n  t h e  s p h e r i c a l  
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p lasmasphe re  i n t e r a c t i o n  mode l s ,  -20% smaller i n  t h e  d i p o l a r  

p l a s m a s p h e r e  i n t e r a c t i o n  and e v a p o r a t i v e  m o d e l s ) .  

F ig .  13. Normalized k i n e t i c  t e m p e r a t u r e  p r o f i l e s  for  t h e  d i p o l a r  (D) a n d  

sphe r i ca l  (SI plasmasphere  i n t e r a c t i o n  m o d e l s ,  a l o n g  t h e  midn igh t  

ax i s .  A l s o  shown are  t h e  n o r m a l i z e d  temperatures f o r  t h e  

e v a p o r a t i v e  model (RP, a v e r a g e  of noon and  m i d n i g h t  axis v a l u e s )  and  

t h e  a n a l y t i c  rCs = rp  model. N o r m a l i z a t i o n  is w i t h  respect t o  t he  

a n a l y t i c  rcs = rc model. 

F i g .  14. Normalized escape f l u x  p r o f i l e s  fo r  t h e  d i p o l a r  (D) and  spherical  

(S) p lasmasphe re  i n t e r a c t i o n  models, along both noon and midn igh t  

a x e s .  Also  shown a r e  t h e  e v a p o r a t i v e  model ( R P )  noon and midn igh t  

p r o f i l e s .  

model ( i .e. ,  the J e a n s  e i c a p e  f l u x ) .  

N o r m a l i z a t i o n  is w i t h  r e s p e c t  t o  t h e  a n a l y t i c  rcs = rc  

. .  

F i g .  15. E f f e c t i v e  ages of e x o s p h e r i c  hydrogen ,  as d e f i n e d  i n  Eqn. (161 ,  

computed u s i n g  a l l  e v a p o r a t i v e l y  g e n e r a t e d  components and u s i n g  o n l y  

b a l l i s t i c  + e s c a p i n g  (lvsingle p a s s v 1 )  components.  
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TABLE 1 .  Ceocoronal and  Plasmasphere Parameters 

P LASMASPHE RE MODELS 

Tern per  a t  UT e 
(K 1 

S p h e r i c a l  : 

Exo bas e Plasma pa us  e 
Density (ern-' Location 

4080 104 (H+> r PP = 6.632 RE 
* 

D i p o l a r  : 

2000-5000 4.00 x 10’ (H’) 

2.04 x l o 5  (e-)  
T = 2000K 2.00 105 (o+) Lpp = 4.00 RE 
A? = 3000K 
f3 * Y = 1/2  
Lo = 3.00 RE 

EXOBASE PARAMETERS : Tc = 1020K, Nc = 8.0 x l o 4  ~ m ‘ ~  

R A D I A T I O N  PRESSURE ACCELERATION: 

SOLAR I O N I Z A T I O N  DECAY TIME : 

a = 0.75 cm/sec2 (rp = 36.20 RE) 

TSo1 - 1 0 days  
~~ 

* 
Refer t o  Eqn. ( 1 1 )  f o r  t h e  temperature p r o f i l e  used in t h i s  model. 
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TABLE 2. Column D e n s i t i e s  Above Exobase 

Model col (1 0' atorns/crn2 1 

EV AP OR A TIV E 

Noon ( x  = 0 ° )  
Midnight  ( x  = 180O) 

SP HE R I  CA L PLASMASPHE RE 

Noon 
M i  d n i  g h t  

DIPOLAR P LASMASPHERE 

Noon 
Midnight  

1.217 (1.183) 
1.236 (1.200) 

1.116 (1.108) 
1.133 (1.123) 

1.235 (1.202) 
1.253 (1.220) 

NOTE: Quan t i  t i e s  i n  p a r e n t h e s e s  r e f e r  t o  models  i n c o r p o r a t i n g  so la r  ioniza-  
t i o n  v ia  Eqn. (15) .  A c e i l i n g  h a s  been p l a c e d  a t  t h e  exopause .  Refer 
t o  CS1, Eqn. (22).  ' 
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